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1. Introduction 

A fluid connector mechanically joins two sections of pipe and provides a 
seaI-against fluid leakage. 
of environmntal conditions. 

It must perforin these functions for a wide range 

Ease in design suggests the use of separate parts of the connector for the 
"joining" and "sealing" functions with a minimum of interaction between them. 
Such a design approach avoids compromising the "sealing" function by changes 
intended to improve the reliability of "joining" and vice versa. 
t o  economize on weight and space does not ordinsrily permit the complete 
separation of functions. As a result, it is found that many connectors in 
use today have constructions such that flange or bolt flextbility relaxes 
gasket pressure, while gasket creep may result in joint looseness. 

The necessity 

As is  pointed Dut in Ref. 1, the first step in the design of a bolted 
flanged connection, for example, is to select the seal or gasket material and 
its shape. 
joint tight at all times. The load required to do this as well as overcome. 
'the internal fluid pressure, i s  provided by the bolts and determines their 
size. The flange dimensions must now be chosen to withstand the bolt load. 
Similar procedures can be described for other types of joints. 
initial design has been determined, it is necessa5y to evaluate its performance 
under the many other environmental conditions which may apply. 
must be given to tolerances, material availability, cost, LOX sensitivity, 
and many other factors. 

Sufficient pressure must then be provided on the gasket to hold the 

After the 

Consideration 

Internal pressure has a major effect on connectors. In many designs it 
causes a reduction in gasket pressure and, therefore, in seal pepforrnance. 
A typical example is the conventional flange coupling shown'in Fig. 1. 

I 

FIG. 1 
CONVENTIONAL FLANGE: COUPLING 

With increasing pressure, p, gasket coqression at A decreases. 
ficiently high pressure, the gasket compression has decreased to be equal in 
magnitude to the internal pressure. 
the gasket acting as a pressure relief valve with corresponding large-scale 

At a suf- 

Further increases in internal pressure find 

3 
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leakage. Recognition of the effect of internal pressure on gasket compression 
has led to many "pressure assisted" seals, a typiczl exaiqle of which is shows 
in Fig. 2. Such seals.are based on Bridpan's "unsupForted &?rea" principle 
(Ref. 2 ) .  By allowing the internal pressure to "bulge" the U-sha?ed seal ring, 
it is possible t o  have the seal pressure (at A, for example) increase with 
internal pressure, p, rather than decrease. 

A 

FIG. 2 k 

PRESSU,W-ASS ISTEI) SEALS 

Temperature changes ar,d ternpcrature transients also have a major effect 
on connectors. A n  example of an A N  fitting is showr, in Fig. 3 .  A cold fluid 
starting to flow through the pipe will c m 1  the insize rnirch nor3 rapidly than 
the sleeve, A, or nut, B. As a resul t ,  the contraction of the sleeve and nut 
will be slower. The sealing pressure will thereby be lcwered with increased 
possibility of leakage. 
Fig. 4. Here the flange, A, could 

Another exarnple is the flanged connector sfrn:;n in 

FIG;  3 

AN- TYPE FITTING 

cool more rapidly than the bolts, B. As a result, the gasket load will be 
reduced and lealczge made more likely. Again, recognition of the effect of 
temperature changa in causing contraction or expansion has resulted in the 
design of "temperature- compensated" connectors . 
4 



In  Fig. 5 is shown 

b 
FIG. 4 

FUMGED CONMECTGR 

a flange connector with a sea l an t  mater ia l  confined between the flange and 
an invar r i n g  (Ref. 3 ) .  
more than the flange mater ia l .  The invar ring, s ince  i t  contracts  less, tends 
to  compensate f o r  t h i s  excess and keep the j o i n t  t i g h t .  
of temperature on the e l a s t i c  and expansion propert ies  of mater ia ls  a r e  given 
i n  Refs. 4 ,  5 ,  and 6 .  Since the c o e f f i c i e n t s  of expansion may vary substant- 
i a l l y  with temperature, t rue  compensation is  seldom achieved. 

During cooling the sea'lznt contracts  proportionately 

Data on the e f f e c t  

Bending forces  due to  v ib ra t ion  o r  otherwise tend t o  open one s i d e  of the  
connector and close more t i g h t l y  the other  s ide .  

Other environmmtal e f f e c t s  include radiat ion,  erosion by the f l u i d  flow, 
water-hammer, high vacuum, etc.  

A successful connector must be capable of withstanding a l l  environmental 
coming a p a r t  and with e s s e n t i a l l y  zero leakage. To 

connector w i l l  b ds given i n  the l i t e r a t a r e  
and leakage flow r a t e s .  
s u l t s  thus obtained a r e  

combined t o  determine the ove ra l l  connector performance. 
i 
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FIG. 5 

TEMPERATURE COMPENSATED SEAL 

6 



2. Flange Deformation 

An excellent discussion of the stresses and deformations of the flanges of 
connectors is given in Ref. 7.  The flanges considered in Ref. 7 have the 
contact area between flanges entirely within the bolt circle. 
considers the elastic interaction of flange ring, tapered hub, and pipe. It 
presents charts which greatly increase the speed of computing maximum stresses. 
It also presents'equations for determining flange rotation and radial expansion. 
It assumes an axisymmetric loading, with negligible "dishing" af the flange 
ring. 
flange surfaces have any contact outside of the bolt circle. 

This reference 

It excludes all types of flange facings where the gasket or contacting 

Flanges which are in bearing outside of the bolt circle are considered in 
Ref. 8 .  In this analysis it is assumed that radial force is resisted by hoop 
stress in the flange. Axial forces are considered to cause a bending moment in 
the flange which is resisted by bending stresses in the flange ring in a radial 
direction. It is assumed that the flange bends about the bolt center circle as 
if it were fixed there. 
and pipe is then considered by requiring deflections and slopes to snatch at 
their junctures. 

The elastic interaction of flange ring, tapered hub, 

The effect of flange barreling due to pressure and temperature differences 
is considered in Ref. 9 .  Ref. 9 presents a simplification of the approach in 
Ref. 7 by considering the flange and hub to move as a unit without cross- 
sectional distortion. This approach is a good ap roximation for sturdy flanges 
where the length and thickness are comparable. 1: 



3. Gasket Conpression 

From the point of view of mathematical analysis it: would be most desirable 
if the gasket were compressed as a linear spring. 
much more complex, as is shown by Fig. 6 taken from Fig. 11 of Ref. 10 for a 

n e  actual relationship i s  

A 

--- 

Ki 
v) 
0) 
k 
U 
rn 

Contraction 
FIG. 6 

REPEATED LOAD ON COMPRESSED-ASBESTOS GASKET MATERIAL 

compressed-asbestos gasket material. 
constant stress. At B we see the curved form of the initial load-shortening 
curve. At C we see that the curve for retraction differs from the loading 
curve B and in this case overlaps for reloading. 
present. See, for example, Fig.. 9 o f  Ref. 10). Othek gaskets nay include 
metallic elements that improve the "springiness" and linearity and may include 
"soft" materials, such as teflon and rubber, that can be squashed substantially 
to improve the sealing effectiveness. 

In the regions A we see creep under 

(The overlapping is not always 

A n  important function of the gasket is to be soft enough to provide good 
sealing while retaining adequate hoop strength to resist "blowing out". 

An interesting characteristic of the interaction of flange and gasket is 

It is pointed out that when pressure is applied "to our 
discussed in Ref. 11 for flanges whose contacting area is entirely within 
the bolting circle. 
knowledge no increase in bolt stress has ever been observed. On the contrary, 
the bolt stress has been observed to reduce as internal pressure is applied 
both with solid metal and soft gaskets until the gasket precompression is lost 
and leakage begins. This effect is due to rotation of the ring flanges under 
the applied moments and far outweighs the effect of the hydrostatic end force." 
It seems likely that a similar phenomenon will be present when thermal transients 
heat the hub much more rapidly than the ring flange. 

Creep in gaskets is treated roost eloquently in Ref. 12. It is pointed out 
that one can observe "declines in gross gasket loads of ordinary 11'16-in. 
compressed-asbestos gaskets,..of the order of 68 percent in 20 hour8 at a 
temperature corresponding to 350 psi steam." 
effect on the stress and deformation distribution of a connector and m m t  be 
Considered where extended life is involved. In another comment, W. R. Burrows, 
remarking on the paper in Ref. 13, stated that "very heavy exchange flanges 
with 1.23-in. 
after 24 hours on stream, 

Such creep will have a marked 

SAE 4140 stud bolts, operating at 400 psi and 650°F, leaked 
Measured stud bolt stresses of 50,000 psi had 

8 



relaxed t o  12,000 p s i  owing t o  crushing of the sof t - i ron  gaskets.  
gaskets, following custom, had been designed f o r  a b o l t  stress of  25,000 ps i .  
The ac tua l  s t r e s s  of 50,L)OO p s i  crushed the  gaskets even a t  a tenperature of 
650°F. 'I 

These 

A t  high pressures  there  i s  a tendency t o  u3e Bridgmn-type closures,  . 
Ref. 14, which u t i l i z e  the unsupported-area pr inc ip le .  Many closures  of t h i s  
type have been cievised and some a r e  widely used. In  some cases  the  gasket i s  
a hard metal and sea l ing  is  accompanied by permanent deformation of e i t h e r  the 
gasket, the  sea t ,  o r  both. As pointed out  :n Ref. 14, "at  present,  even f o r  
the  simplest  types of gaskets, there  i s  no corq le te ly  r e l i a b l e  design c r i t e r i o n ,  
based on anything o ther  than experience." 

. I n  view of Ehe non-linear behavior of almost a l l  good gasket mater ia ls ,  i t  
would appear t ha t  r e l i a b l e  designs can bes t  be achieved where the contr ibut ion 
of the gasket "s t i f fness"  t o  the overa l l  s t i f f n e s s  is small. 
uncertainty introduced by t h i s  ana ly t i ca l ly  d i f f i c u l t  port ion of t h e  design 
can be minimized. 

In  t h i s  way the 

9 



4. Bolt Spacins 

proper bolt spacing depends on flange thickness and gasket flexibility as 
we11 as other factors. 
achieved by either a few large bolts or by a greater nunber of smaller boIts. 
Factors affecting bolt size and spacing, as pointed out in Ref. I, are clear- 
ance necessary fox socket wrenches; strength to withstand over-torquing; adequate 
spacing to avoid high stress-concentration; and close enough spacing to insure 
uniform gasket compression. Ref. 1 recornmends a bolt spacing of 2-1/4 to 
3-1f2 bolt diameters between centers. A somewhat m r e  involved method of 
analysis is presented in Ref. 10. It considers the flange-gasket combination 
as a beam on an elastic foundation. In view of the questionable adequacy of 
neglecting the effect of the hub in increasing the flange ring bending stiffness, 
this refinement does not seem to have broad application. 
considered in Ref. 8. 
ring thickness t o  achieve good sealing between bolts. 
for choosing bolt spacing, all of which appear to be successful, ,indicates that 
bolt spacing is not a critical design consideration. 

It is apparent that a given bolting load can be 

Bolt spacing is also 
It recommends a spacing less than 2.6 times the flange 

The variety of "rules" 

10 



5 .  Interaction of Flange and Gasket 

The effect of internal pressure on the interaction of flange and gasket 
is considered in detail in Ref. 13. 
in Ref, 7 and assuming the gasket behavior-for decreasing load is adequately 
represented by a linear relationship, a method is provided for considering 
the loqds when (a) assembling the joint, (b) at test pressure, and (c) in 
service. In Fig. 7, ,taken from Fig. 2 of Ref. 13, P3 is the-service pressure 
and Pp is the test pressure. 
flange yielding. It shows a decreasing permissible bolt load as the pressure 
increases. 
hydrostatic end force. Line EB represents line OA plus the minimum gasket 

Using the analysis for flange deformation 

The line GJ is the limit of bolt load for 

I The line OA represents the bolt load to compensate the 

sealing force. The slope -a! of the bolt load curves, 

Bolt 
Load 

G 
K 
M 
F 

C 

E 

Internal Pressure 

ZIG. 7 

CD, FB, MJ, and KL 

2 

INTERACTION OF FLANGE, BOLTS AND GASKET 

is determined by the interaction of the various stiffnesses. 
initially tightened to C, leaking will occur at D at a pressure greater than 
P3, the operating pressure, and less than P2, the test pressure. With the 
bolts initiplly tightened to F, leakibg will not occur, although at B Che 
connection will be on the verge of leaking. With the initial bolt tightening 
to K, as pressure is increased,’the flange begins to yield at L and continues 
t o  yield until J is reached. Upon removing load, the bolt tightness returns 
to M. It may be pointed out that the effect of gasket creep would be to 
lower the bolt-load curves, such as FB, with time so that they might leak after 
e short time in service. 

If the bolts are 

11 



6 .  Xydrostatic End Force 

In most connectors one considers a "hydrostatic end force" to load the 
connector axially. Such a force is assumed in Ref. 7 .  In the case of a 
pipe having expansion joints, however, such as found in missile structures, it 
is not necessarily true that an axial force is present. Similarly, a pipe 
having closely spaced attachrcents t o  a supporting structure may have nuch 
reduced "end force" carried by the connector, In Rsf. 15 it is pointed out 
that "in concentrating on the bolted-flange joint itself, it is easy to 
overlo.ok the fact that there i s  little hydrostatic end force in pipe lines 
equipped with slip joints". The correct axial force to be considered in a 
connector, therefore, depends on interaction between piping and supporting 
structure and may be teEperaturo, dependent. In addition, it is reasonable 
to provide for a pipe bending moment to be transmitted across the connector. 
A rather extensive discussion of piping flexibility effects is given in 
Ref. 16. 

I 2  



7 .  Closures 

Closures for pipes can be plugs in the case of small sizes but must be 
A method for considering a "floating considered as heads for large sizes. 

head" (see Fig. 8) is given in Ref. 17. 
to give equal radial displacement and rotation of their juncture 3. 
is considered to have no cross-sectional distortion. 
adapted for use with the. flange analysis of Ref. 13 to determine sealing 
performance as well as stresses and deformation. 

The interaction of A and B is required 
Part A 

The analysis is well 

' FIG., 8 
PIPE' CLOSURE 
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8 .  Transient Thermal Stresses 

During the initial flow through a connector of a fluid which is either ' 

hotter or colder than the connector walls, there will exist a transient 
temperature condition. 
than the outer walls. 
more rapidly than the thicker sections. As a result of these temperature 
differences, there will be transient stresses and distortions -which could 
initiate leakage. 
and temperature problems are given in Ref. 18. 
that "clearly the stress and temperature formulas for hollow cylinders pose 
difficult problems in evaluation. 
been evaluated. Also, the ratio of outer to inner radius is involved, and a 
general graphical presentation such as can be made for the case of plates is 
difficult because of the Large number of graphs which would now be required". 
The results of an approximate solution for the transient temperatures in a 
cylinder are given in Ref. 22. 
adaptable to stress analysis, since it gives the temperature as a power 
function of the radiQs. 
distortion of glanges is given in Ref. 23. Figure . in Ref. 22 is particularly 
useful, since it gives the temperature difference from inner to outer wall at 
the time of maximum temperature difference. Additional information on stresses 
and temperature distributions is found in Ref. 19. 

The inner walls will change temperature more rapidly 
In addition, the thinner sections will "heat through" 

A discussion and general. equations for some of the stress 
The author points out, however, 

The roots of the equation have not yet 

This approximate solution is particularly 

The application of this Solution to determining the 

I* 
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9 .  Warped Flanges 

Initial lack of flatness in the flanges of connectors can result in leakage 
if the bolt loads are not sufficient to achieve positive gasket compression at 
all points on the circumference. The magnitude of permissible initial warping 
of the flanges is, therefore, governed by the available-additional bolt strength 
and flange strength. Ref. 23 presents equations for computing flange warping 
displacements due to bolt load and gasket forces. The effect of the pipe in 
restraining the flange is included in the analysis. It- is assbmed that the 
deviation from uniformity of forces and displacements around the circumference 
of the flange can be adequately approximated by considering them to vary as 
cos 20 
plate. 
hoop bending strengths and is questioned by Waters in his discussion of the 
paper. 

Ref. 9 considers warping also by developing the pipe shell as a flat 
The adequacy of this approximation will depend on the flange and pipe 
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10, Leakage Flow 

The interface between gasket and flange forms a channel for leakage flow. 
The depth of this channel depends on surface finish, yield strength of the 
gasket and flange materials, and gasket compression. The interplay of these 
factors is considered using a statistical approach for determining the effect 
of gasket compression on the effective flow channel. The magnitude of the 
flow through such a channel is proportional to the cube of the channel thickness 
in laminar flow and proportional to the square of the channel thickness in 
molecular flow. 
the flow by a factor of 100 to 1,000. 

Thus, a reduction in clearance from 100 to 10 microinches reduces 



11. Fluid Hornenturn, Effects 

'When the fluid in a pipe is caused to accelerate or decelerate, un- 
balanced forces are imposed on the piping system. 
in Fig. 9, an acceleration in fluid flow in direction A causes a reaction 
of the pipe at B in the direction shown. 

on the restraint imposed on the piping system by the supporting structure C. 
klen valves are suddenly opened or closed, these momentum changes are most 
severe and are described as "water hammer". A discussion of "water hammer" 
is- given in Ref. 22. ' 

Thus, in the pipe shown 

The magnitude of the bending moment 
'and axial force thus imposed oil connectors in the piping -. system _- will depend 

C 

C 

k FIG. 9 

EFFECT OF FLUID FLOW 

Even when the fluid flow is zero, momentum effects are present due to 
acceleration of the entire booster. (See Ref. 22) .  

17 



12. Fatigue 

In some instances the number of stress cycles at a p.articular connector 
may be sufficient to result in fatigue failure. A method f o r  analyzing for 
fatigue damage is presented. in Ref. 19. The method assumes that the stress 
condition is known versus time fo r  a complete cycle of operation. It takes 
account of yielding and of the mean and alternating stresses. 

18 



13; Discussion 

Many methods and considerations have been presented concerning the 
interaction of flange, gasket seal, and pipe. The optimum configuration of SI 

connector varies widely depending on the service conditions. To consider all 
of the factors in any particular design requires a large amount of detailed 
computdtion. As a result of this, standard forms of connectors have evolved 
for particular applications in the past, and new forms can be expected to meet 
the requiremnts of new environments. 

. A large amount of careful work has been done in the field of connector 
design, and this provides a sound base from which to evolve new. design methods 
and t o  develop and evaluate new materials for new environments. 

The' missile application of fluid connectors imposes much mote severe 
design requirements because of the range of pressure, temperature and time 
over which performance is required and the limitations imposed by minimum. 
weight, lox sensitivity, radiation and space environments in general. 

When methods and applicable material properties have been assembled, it 
may be possible to combine them in one, or several, computer programs to 
yield optimum designs for specified load conditions. 

19 
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INTRODUCTION TO THE SUBJECT OF STATIC SEUS 

A liquid-propellant rocket engine is essentially an assemblage of 
hydraulic and pneumatic components. Because of this, there are many 
interconnectitg joints which must be sealed with a highdegree of 
reliability by means of static seals. The proper design of these 

- joints presents a formidable array of technical problems to-the 
designer; for example, temperature extrenes from -425 tb 1700 F, 
pressure extreues from zero to several thousand psi, high vibration 
and shock load environment, and corrosive media. 

directly 

TYPES OF 

The importance of leak-free and trouble-free static seal joints in 
spacecraft cannot be overemphasized, especially in the coming era of 
manned space vehicles requiring extremely high reliability. 
consequences of seal leakage a: fire or explosion hazards, freezing 
of fluids or equipment adjacent to leakage o$, in cases of severe 
leakage, degradation of engine performance because of loss of specific 
impulse. Any of these things could cause abortion of a mission. An 
entirely new seal philosophy is being evolved,, one in which any leak- 
age at all is intolerable, whereas; a certain amount of leakage was 
tolerated in unmanned vehicles. Since static seal leakage was not 
monitored in flight during early ballistic missile development, it is 
not lmown how many of the early failures were caused directly or in- 

The 

by seal leakage. 

STATIC SEAL J O I N T S  

There are three miin categories of static seal joints in liquid rocket 
engines. These are: 

1. Bolted flmged joints 

2. Flared tube fitting joipts 

3. Threaded bosses 

25 
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In the ear ly  design phase of a new engine, each s t a t i c  s e a l  j o i n t  

should be ca re fu l ly  evaluated f o r  j u s t i f i c a t i o n  of i ts  existence. 

Obviously, no j o i n t  a t  a l l ,  o r  a welded j o i n t ,  i s  vas t ly  superior  

i n  r e l i a b i l i t y  t o  a s t a t i c  s e a l  j o i n t .  

o r ig ina l ly  provided t o  a l l o w  easy removal and ins  t a l l a t i o n  of com- 

ponents under development, can be eiiminated a f t e r  they have served 

Sometimes c e r t a i n  j o i n t s ,  

TYPES OF STATIC SEALS 

i 

The s e a l s  t ha t  f i t  i n t o  th  

four  types. These a re :  

t h e i r  purpose and the engine is  in production. 

categ j o i n t  an h ri d fu r the r  i n t o  

1. Pressure actuated 

2. Brute force  

3.  Temperature actuated 

4. Spring 

TYPES OF SEAL FLUID ENVIROA?NENT 

S t a t i c  s ea l s  i n  l i qu id  engines (excluding s to rab le  propel lan ts )  a re  

required t o  s e a l  bas i ca l ly  three  f l u i d  regimes. These a re :  

1. Cryogenics 

2. Hydrocarbon f u e l  

3. High-temperature turbine gases 



. ROCICETDYNE STATIC SEAL HISTOflY 

Table 1 is  a resume of the types of s t a t i c  s ea l s  t h a t  have been used 

by Rocketdyne over the pas t  10 or more iearo .  

f o r  an extended period, the spiral-wound gasket WRS the s t a lwar t  design 

It can be seen that ,  

f o r  use i n  l i qu id  oxygen and t q b i n e  gas jo in t s .  A s u i t a b l e  replacement 

waa not developed u n t i l  the advent of  theNAFLM:presE\are-aatltated sea l .  

The X4FLEX concept or ig ins ted  aa a spec ia l  seal d'esign t o  cor rec t  a 

leakage problem with the LOX cover p l a t e  on the gas generator blade 

valve of the A t l a s  sus ta iner  engine. 

ment over the spiral-wound gasket  led t o  i t s  wider use. 

Its obvious performance improve- 

The WLM-type  s e a l  i s  the standard f o r  a l l  cryogenic, bolted-flange 

j o i n t s  on the  F-1 and 5-2 engines. 
t he  5-2 hot-gas, bolted-flange jo in t s .  

It it3 a l so  the  standard sea l  f o r  

27 
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IMPORTMCE OF ALL ELBlE??TS WITHIN A JOINT 

The deeign of a s t a t i c  rleal j o i n t  f a  dependent upon the correct. applica- 

t i o n  aad i n t eg ra t ion  of  a l l  the elements making up the j o i n t ,  i . e . ,  

fnsteners ,  flanged, and the seal  i t s e l f .  The j o i n t  asaembly must be 

capable of  maintaining the deal i n  intimate conformance with 'the sealing 

durfeum, and thig condition muet ex id t  throughout i&s operating l i f e ,  

regardlea8 of e t r a i n a ,  loads, and thermal gradients.  That i e ,  the 

uaual g o d  of optimum weight within sa fe  ertreeses must be broadened t.o 

control of the e l a s t i c  (and p l a s t i c )  behavior of the p a r t s ,  Accurate 

prediotions f o r  the performance of a s t a t i c  s e a l  joint cannot be made 

. beiara t e s t a  are conducted with representat ive hardware. 

Thirr report  i s  l imited t o  a diacuasion of the s t a t i c  s e a l  i t s e l f ,  &sed 

on datu derived from t e a t  r e s u l t s  and operational experience. It is 
b 

intendod t o  serve a8 a basis f o r  seal erelection, and includes a d i s -  

cusaion of deeign features  and def ic iencies  o f  the s t a t i c  s ea l a  evaluated. 

Methods f o r  deeigning the flange8 and threaded connectors of a j o i n t  

are not diacudeed in d e t a i l ,  s ince they already are  vel1  docuzented 

(Ref. 1, 2, and 3 ) .  

- 
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Tile tW standard tube f l a r e  and f i t t i n g  w a s  used by Rocketdyne f o r  tube 

j o i n t s  i n  ea r ly  Rocketdyne engines. This standard was.developed before 

Xorld Var 11, pr inc ipa l ly  f o r  a i r c r a f t  hydraulic system use, and w a s  

c a r r i e d  over i n to  pneumatic and hydraulic i n s t a l l a t i o n s  i n  rocket engines. 

Joints made with aluminm f i t t i n g s  and l i n e s  have proven adequate i n  

sea l ing  c h a r a c t e r i s t i c s  but have l imited protect ion in  high temperature 

environments. 

i n  s t r eng th  t o  prevent s e i z ing  between p a r t s  under over-torque conditions 

or i n  usage i n  extreme e n v i r o F e n t s .  J o i n t s  made with s t a i n l e s s  f i t t i n g s  

and l i n e s  have proven d i f f i c u l t  t o  s ea l  because of t he  poor material  y i e l d  

c h a r a c t e r i s t i c s  f o r  t he  seal  surface and t h e  d i f f i c u l t y  i n  qua l i t y  control 

of t h e  seal  surface of the f i t t i n g s  and tube f l a r e s  involved. S t a in l e s s  

s t e e l  f l a r e d  tube f i t t i n g s  have a problem of torque relaxat ion on f i r s t  

ins ta l la t ion,  whereas both aluminum and s t a i n l e s s  f i t t i n g s  may be subject 

t o  complete disengagement uoder extreme v ib ra t ion  conditions.  

Alminum l i n e s  &ii f i t t i n g s  have addi t ional  l imi t a t ions  

There a r e  a g rea t  .many vendors making d i f f e r e n t  f l a r e d  and f l a r e l e s s  

tube j o i n t  designs,  and a l l  make glowing claims about. t h e i r  product. 

1955, Missi le  Division (now Space and Information Division) of North 

American Aviation, Inc. , conducted a qua l i f i ca t ion  t e s t  survey on mafiy 

of t he  designs then on the market. They came t o  the  conclusion t h a t  none 

of those t e s t e d  were any b e t t e r  i n  performance than the  Ai  standard f l a r e  

(Ref. 4); 

e 8  

In 

Rocketdyne's search f o r  a b e t t e r  f l a r e d  j o i n t  l e d  eventually t o  the use 

of a machined f l a r e  (Fig. 1). 

t h e  f e r r u l e ,  o r  s leeve,  i n t o  one machined p a r t ,  which then w a s  welded in to  the 

tube assembly a t  a s a f e  dis tance fromthe f l a r e  t o  prevent warpage. 

advantages of the machined f l a r e  over t h e  f l a r e d  tube a re  as f o l l o w s :  

The machined f l a r e  combined the  f l a r e  and 

The 

1. 2-lachining allows a p r a c t i c a l  method f o r  close control  of tolerances 

in t he  conical tube sea l ing  surface. 

30 



2. The weak point of the tubing at the base of the flare is 
eliminated. 

3. Seizing between the tube and sleeve is eliminated. 

4. Greater hoop strength is provided t o  help prevent seizing 
between the sleeve (now tube end) arid couplinu nut. -0 

The production versions of the 5-2 and F-1 engines will have no flared 
tube joints in any functional systems. Bolted flange joints w i l l  be 
used throughout, since they are considered more reliable and offer a 
method o f  leakage monitoring. 

31. 
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AN STANDARD BOSS 

Rocketdyne experience has shown that the metallic, K-shaped (cross- 

section)-type seal with Teflon coating (Fig. 2), although having socle 
deficiencies, is the beat available for sealing AN otandard threaded 
bosses in cryogenic aervice. 
standard bosses in hydrocarbon fuel service and lor gases within the 

Rubber O-rings should be uard f o r  AN 

operating; temperature range o f  rubber. 

The poor quality of sealing surface finish in AN fittings adversely 
affects the performance of any metallic aeel, especially thoae that 
require the metal of the seal to be forced (by yielding) into the 
imperfections of the fitting surface to effect a le,&-proof seal. 
Since the K-aesl is Teflon coated, it achieves better conformence of 
it8 sealing surface to the fitting than an all-metal seal., such as 
the NATORQ (NAVAN Products Division of North American Aviation, Inc.). 
The rough finishes of the fittings; however, aometines cause scuffing 
of the Teflon during the rotational movement o f  tightening torque, 
and result. in leakage. 
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NAnM BOSS 

Whenever the requirement for sealing a threaded boss  other than the MID 

type arises, the Maflex boss seal is recommended for use (See Fig. 3) .  
It requires that a counterbored seat be machined into the boss instead of 
the countersunk one as used in the A.ND standard. 
still has the disadvantage of scuffing of the Teflon during the rotational 

However this configuration 

movement of tightening torque. 
with XAE'LEX seal is preferable over all types of threaded boss  connections. 

For this reason the bolted flange joint 

No fully successful seal has ever been found by Rocketdyne for use in a 

cryogenic-service bulldiead fitting; consequently, this type of fitting is 
avoided in the design. 
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0 AN FITTING K-SEAL (NO. 12100 C R )  TEFLON-COATED STEEL 

@ NATORQ NO. VD 28!-0002;606l-T6 ALUMINUM ALLOY 

AND 10050 BOSS 

.) 

i ,  

Figure 2. Metallic AN Boss Seals  
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NAFLEX SEAL 

Figure 3. . Typical Insta l lat ion of WLM Boss Seal  
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IIYDROCARJ3ON FUEL S W  EKPEBIWCE 

Hydrocarbon f u e l  is by f a r  the easiest- to-seal  f l u i d  regime on an 

.engine. 
However, with the  advent cf large-sized hardware, such as used i n  

Buna-N rubber O-rings have long been used very successful ly .  

the' F-1 engine, the in-place or gask-o-seal has become more a t t r a c t i v e  

than the O-ring. 

The in-place o r  gask-o-seal i s  an offshoot of the O-ring, except t h a t  

the rubber molding is done d i r e c t l y  in  a groove of a metal p a r t  o r  

spacer. In the  case of a spacer, which i s  the type m o s t  used i n  bol ted 

f lange appl ica t ions ,  the in-place s e a l  i s  molded i n t o  both s ides  of the 

spacer (Fig. 4). 
seal ing a rea  t o  match the b o l t  pa t t e rn  of the mating flanges. 

is accomplished both by i n i t i a l  squeeze of the rubber upon i n s t a l l a t i o n  

in the  f la rged  j o i n t ,  and extrusion of the rffbber by the  pressure of 

the  f l u i d  being seale2. 

B o l t  holes  a r e  located i n  the  spacer outs ide of  the 

Sealing 

In-place s e a l s  a r e  no t  l imited t o  c i r c u l a r  shapes, bu t  can be made i n  

a lmos t  any cross-sec tionaf shape. Figure 5 shows a "figure-eight" 

cross sec t ion  used on the  F-1 engines. 

. e  

The advantages of the in-place s e a l  over the  O-ring, espec ia l ly  i n  

large-sized hardware, a r e  as follows : 

1. The thickness of the metal spacer controls  the  mount  of 

squeeze ou the rubber port ions of the  s e a l ;  t h i s  allows the 

use of . f la t - faced  f langes on both s ides  of the s e a l ,  thus 

obviating the need f o r  machining an O - r i n g  groove i n  one of 

the  f l q e s  (with i t s  at tendant  increased dimensional 

tolerance -buildup and cost) .  
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BEFORE FASTENING 

AFTER FASTENNG 

I 
SECTION A-A 

Figure 4. In-Place or Gask-o-Seal 
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2. Tne in-place' s e a l  permite easy i n s t a l l a t i o n  i n  large,  heavy, 

and cusbersone hardware, s ince  i t  can be i n e t a l l e d  

l a t e r a l l y  between two f l a ryes ,  with only enough clearance 

t o  s l i p  the s e a l ' i n  o r  out. This stme fea ture  a l s o  makes 

replacement i n  the f i e l d  eas ie r .  

The gask-o-seal i e  the standard hydrocarbon s t a t i c  s e a l  uaed on the 

F-1 engine, and hna'demonstratod a high r e l i a b i l i t ?  in. eqinos and 

component t e s t ing  conducted thus f a r ,  

has been on the F-1 engine) f o r  primary s e a l  leakage monitoring by 

having two s ea l s  molded cloaaly together concentr ical ly  i n  the sea l  

p l a t e .  

It can be adapted eas i ly  (and 

A leakage tapoff i n t o  the space between these two s e a l s  allows 

leakage ,monitoring. 

For compatibil i ty with t r ichlorethylene,  which is  used on the F-1 

engine for flushing end cleaning sequences, Viton A i s  used as the 

etandard elastoner  mater ia l  f o r  gaak-o-seals. 

the deve loben t  and design eppl icat ion of gask-o-seals is contained 

in Ref. 5 .  

Cr 

Further i n f o r m t i o n  on 
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PECULIAR1TII;S OF CBXOGENIC SEAIS 

The design of a s t a t i c  s e a l  f o r  cryogenic serv ice  involves n o t  only 

the rout ine  s e a l  design' problems of any ambient temperature j o i n t ,  

bu t  a l s o  the p e c u l i a r i t i e s  o f  the mater ia l s  r e su l t i ng  -. -..- from t h e i r  

behavior a t  .the reduced temperatures. For example, no t  a l l  metals can . 
be used at cryogenic temperature. 

AM350, become very b r i t t l e  and notch impact sensiti-& a t  the  low tem- 

perature ,  and a r e  unacceptable f o r  use. Most n o m e t a l l i c ,  p l a s t i c  

mater ia l s  commonly used in  ambient-temperature s e a l s  a l so  become 

b r i t t l e  a t  the  low temperature. 

and Nylar, a r e  exceptions to t h i s ;  however, t h e i r  coe f f i c i en t s  of 

contract ion a r e  considerably g r e a t e r  than those f o r  metals. 

Some metals, shch as  1717PH and 

Fluorocarbons, such as Teflon, Kel-F, 

Therefore, 

when used i n  conjunction with metals in  a s e a l  design, a d i f f e r e n t i a l  

shrinkage condition and disturbance of the seal ing in te r face  w i l l  

e x i s t  and possibly cause leakage. cr 

Cryogenic s e a l s  present  a g r e a t e r  va r i e ty  of operating pr inc ip les  than 

any other group of s t a t i c  s ea l s .  

gaskets ,  temperature-actuated s e a l s ,  pressure-ac tuated beals,  and many 

The basic  types a r e '  the  brute-force 

hybrids combining the pr inc ip les  of these bas ic  types. 

The lack o.f r e s i l i e n c e  demonstrated by nonmetallic mater ia ls  a t  cryo- 
genic temperatures makes it necessary t o  apply extremely high loads 

t o  simple f l a t  gaskets ,  even f o r  leak-free operation a t  l o w  pressures. 

The use of se r r a t ions ,  narrow r a d i a l  widths, and other  compressive-area- 

reducing devices on f l a t  gaskets  tend t o  lower the required b o l t  load; 

however, errtremely high preloads a re  s t i l l  required t o  prevent f lange 

separat ion and unloading of t he  'Wead" gasket  mater ia ls .  

. .  
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Tile more e f f ec t ive  cryogenic s e a l s  current ly  avai lable  use one o r  more 

"boost" p r inc ip l e s  t o  overcome the def ic iencies  of "plast ic"  material .  

TIIC combination of  spring- and pressure-ectuation p r inc ip l e s  i s  comon 

t o  the m o s t  e f f i c i e n t  s ea l s .  

Rocketdyne experience indicates  t h a t  s e a l s  t h a t  a r e  capable of 

"following the flanges" a r e  the most successful. As a r e s u l t  of extreme 

load conditions in rocket engine systems, some flange*rnovencnt, separa- 

t ion,  and de f l ec t ion  a r e  inevi table .  

under these conditions,  a s e a l  must be designed t o  compensate f o r  t h i s  

movement, i . e . ,  be pressure actuated,  spring loaded o r ,  i n  some mznner, 

capable of the necessary def lect ion.  

To maintain low o r  zero leolrage 
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DIEORETICAL ANAIXSIS FO2 FLANGED J O I N T S  

The funct ion o the s t a t i c  s e a l  is t o  permit a f l u i d  s e a l  t o  be 

e f fec ted  between two imperfect surfaced. 

mater ia l  t h a t  w i l l  conform read i ly  t o  the surfaces  o r  i s  coated with 

such a mater ia l  s o  t h a t ,  when properly s t r e s sed ,  a b a r r i e r  w i l l  be 

formed i n  depressed surface regions t o  prevent leakage of the  contained 

f lu id .  Sea ls  t h a t  damage the  seat ing surfaces  a re  usual ly  unsa t i s -  

fac tory  i f  the j o i n t  has to..be broken and remade, s ince sea l ing  becomes 

increasingly d i f f i c u l t  with each reassembly. Ekentually, the  seat ing 

Usually, i t  is  made of a 

, ’  

surfaces  must be refaced. From t h i s ,  i t  follows t h a t  the s t a t i c  s e a l  

surfaces  should be s o f t e r  than the  f lange surfaces .  

Idea l ly ,  the  s e a l  should remain undis turbed throughout the operating 

cycle. Since t h i s  condi t ion is  usually impossible t o  a t t a i n ,  the s e a l  

must be capable of s u f f i c i e n t  e l a s t i c  recovery4to maintain the leakage 

ba r r i e r .  

r e l a t i v e l y  nonres i l i en t  gaske t  o r  s e a l  used i n  conjunction with extremely 

r i g i d  f langes .and heavy bo l t ing ,  o r  (2) a very r e s i l i e n t  s e a l  capable 

of following the  .deflections of f l ightweight  flanges. 

This goa l  is  usual ly  pursued i n  one of two ways: (1) a 

r Q  
* 

The f i r s t  approach can be analyzed by the time-honored, c l a s s i c a l  

approach developed by indus t r i e s  other than the  a i r c r a f t  and miss i le  

industry. 

gasket  s t r e s s  and in the  absence of adhesion, leakage w i l l  begin when 

the i n t e r n a l  pressure begins t o  exceed the  compressive s t r e s s  t h a t  

holds the  gasket  i n  contact  with the sea t ing  surfaces. 

would seem t o  follow t h a t  i f  gasket  s t r e s s  i s  n o t  uniform, the 

leakage pressure w i l l  be subs t an t i a l ly  lower than the average gasket  

It can be shown theo re t i ca l ly  (Ref. 6), t h a t  f o r  uniform 

Therefore, it 
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compression s t r e s s ,  i f  r a d i a l  patlis of below-average s t r e s s  ex i s t .  

"lie d i f f i c u l t y  of seal ing a j o i n t  when r a d i a l  scratches e x i s t  i n  the 

gasket  seat ing surface is  well  lmown. Conversely, i f  paths of sub- 

nbrmal s t r e s s  a re  circumferentially closed loops, i t  is  conceivable 

t h a t  leakage pressures could be achieved which would be higher--than the 

average gasket  s t r e s s .  
g 

where (3 

a.f la t 'ga&e' t  against  a facing c o n s i s t i a  of concenkrik s e r r a t i o n s  than 

aga ins t  a smooth f in i sh .  T h i s . i s  supported by experimental evidence 

(Ref. 7). 

That is, gasket  f a c t o r s  (defined as m = 0 /p, 

= gasket s t r e s s  and p = leakage pressure) should be lower f o r  
g 

MNDlU?.I SEALING REQUIRE31 ENTS 

As indicated above, the minimum requirement f o r  seal ing i s  f i r s t  t o  

preconpress the gasket  s u f f i c i e n t l y  t o  c lose up ah1 paths through 

which mass f l o w  could occur. The load required general ly  i s  tenned 

the seat ing load o r  the gasket  y i e l d  load. 

maintain a sealing load such t h a t  Os = mp, where DL ( the gasket  f a c t o r )  

i s  approximately a constant. 

The next s t e p  i s  t o  

9 

In the simplest  type of  gaslseted j o i n t  (Fig. 6 ), the gasket is  pre- 

s t r e s sed  i n  compression by the t e n s i l e  p re s t r e s s  applied t o  the bo l t s .  

As i n t e r n a l  pressure is increased, the gasket  stress w i l l  diminish 

until the leakzge condition is at ta ined.  The r e l a t ionsh ip ,  assuming 

rigid flanges,  is as follows: 
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where 

W = b o l t  load* 

I1 = pressure-separating load 

A = gasket  a r ea  
6 

0 ’  = gasket  s t r e s s  
g 

‘It should be noted t h a t  t h i s  type of j o i n t  requi res  bol t ing  in  excess 

of t h a t  required t o  r e s t r a i n  the separat ing load by the =amount: 

Various approaches a r e  used t o  a t t a i n  a more near ly  optimum design. 

Most obvious of these  i s  t o  reduce W by reducing A * i .e. ,  by using 

a narrower gasket  sea l ing  surface such a s  t h a t  shown i n  Fig. 6. 
g ’  

cr 
With a minimm A however, 0. may be excessive when p = 11 - 0, leading 

t o  crushing the gasket  o r  Br ine l l ing  the f lange.  

duction in A is ca r r i ed  t o  the estreme, it becomes necessary t o  l i m i t  

the compression of the gasket ,  as shom i n  Fig. 8. , 

g’ g .  
Hence, when the re-  

g 

An ingenious approach f o r  a t t a in ing  the minimum If i s  t o  use the pressure 

t o  generate  the  gasket  sea l ing  load, as  shown in the bellows type of 

Fig. 9. 

*If the gasket  i s  r e l a t i v e l y  th in  and hard, the b o l t  load w i l l  remain 
approximately constant ,  as shown i n  Ref. 8. 
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Figure 6 .  Gasket Prestressed in 
Compression by Bolt . 
Tensile Prestress 

Figure 7. Gasket Prestresded in 
pression With 
ced Cross- 

Sectional Area 

Figure 8. Methods For Limiting Cornpression of Gasket 

PRESSURE ACTS 



It can be seen t h a t  t h i s  type of s e a 1 , i s  made possible  by the approxi- 

mately l i nea r  r e l a t ionsh ip  between p and the  required sea l ing  s t r e s s ,  

the l a t t e r  being obtained by making: . .  

e f fec t ive  bellows area - 
sea l ing  area > m  

DESIGN PAEWETEEIS FOR SEALS 

Operating Pressure 

The operating pressure,  a s  defined i n  t h i s  r epor t ,  i s  approximately 

the maximum possible  pressure obtainable without permanent def orma- 

t i o n  of the s e a l  s t ruc tu re ,  o r  the m a x i m u m  pressure a t  xhich leakage 

did no t  exceed 1/10 scim/circumferential inch f o r  those seals t h a t  

develop excessive leakage before exceedin& t h e i r  s t r u c t u r a l  s t rength ,  

whichever i s  lower, 

Temperature R q e  t 

Cryogenic s e a l s  must operate over a wide range of temperatures. 

cryogenic s e a l s  a r e  designed €or  operation between -425 F ( l i q u i d  

hydrogen temperature) and -297 F ( l i q u i d  oxygen temperature) ; however, 

the s e a l s  a l s o  must be capable of sea l ing  high proof pressures at 

ambient temperature during component and system checkotzt. Mi l i ta ry  

spec i f ica t ions  requi re  the s e a l  t o  withstand 160 F temperature while 

i n s t a l l e d ,  bu t  na tu ra l ly  i n  cryogenic operation, the s e a l  i s  immed- ' 

i a t e l y  ch i l led .  Teflon-coated s e a l s  can operate a t  400 o r  500 F with 

reduced operating pressure. 

because Teflon t e n s i l e  proper t ies  decrease rap id ly  a t  higher tempera- 

tures.  

withstand higher temperatures, bu t  t he  b e t t e r  performing metal-plated 

s e a l s  use s o f t  p la t ing  with a m e l t i x  temperature of l e s s  than 1000 F. 

Nos t  

This pressure reduction is  necessary 

Soft-metal ( i . e . ,  copper, s i l v e r )  p la ted  s e a l s  general ly  can 



- Seal 1,oad Required 

The seal load required, i.e., gasket factor or load per inch of circun- 
ference, €or tight joint makeup shows the advantages of the pressure- 
actuated and spring-loaded type seals over the brute force gasket 
types -(Table 2). 
load which results in a reduction in size or number of bolts, and in 
flange weight. 

The use of thee seals drastically reduces bolt 

Surface Finssh Required 

Flange finishes quoted in Table 2 are those proved in the test labora- 
tory or redommended by the seal suppliers. 
minimum (i.e., roughest) finish allowable.’ 
an‘exact numerical value of rms finish in production; therefore, 
correctly machined flanges will range typically from a finer-than- 
required to the required finish. 

These finishes are the 
It is impractical to machine 

G 

. 

1 

The orientation of the tool marks made in facing the flange is as 
importantas the fineness of finish-the finish values quoted are for 
flanges with their tool marks oriented circumferentially, i.e., not 
actuelly complete concentric circles, but rather like a very fine 
phonograph record surface. 
methods of machining a r e  used that produce no circumferential tool 
marks, t$e finish must be one or two grades better than normally 
required (example: 
32 m s  circumferential), depending on  the type of seal and operating 
conditions. 

Recent tests indicate that, where other 

8 m a ,  nonoriented tool marks subetitutes for 

i 
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"COMPAnISilN OF PEZTOR~lANCE OF DIFFERENT SEXL 'TYPE 

Pressure-actuated s e a l s  (Table 2) der ive  t h e i r  name from the f a c t  

t h a t  i n t e r n a l  f l u i d  pressure a c t s  on the s e a l ' l e g s  and tends t o  
- increase unit loading, thus providing increased sea l ing  a b i l i t y  as 

the pressure increases. 

spr ing loaded, t o  sorne extent  and. the proportion of pressure-to- 

spr ing loading depends on the s e a l  leg thickness, the length, the 

mater ia l ,  and the f l u i d  pressure. For example, above approximately 

1000 psi, the pressure loading esceeds the spring loading of the 

standard s t e e l  NM'LEX sea l .  

A l l  o f  the  pressure-actuated s e a l s  a r e  

The s t a t i c  s e a l  commor~ly employedon Rocketdyne engines a re  face 
I* 

sea l s .  

The e f f ic iency  o f  the s e a l  depends upon the intimacy of contact 

between the members and the proper t ies  of the media t o  be sealed. 

The seal ing member mates with a f l a t  surface on each f lange.  

. Q  

Naflex Sea l  (Ne ta l l i c ,  U-Shaped Cross  Section With 

Teflon Dispersion Coating) 

Upon i n i t i a l  i n s t a l l a t i o n  under ambient-temperature conditions, the 

r e l a t i v e l y  s o f t  Teflon coating on a NAJ?LEXpressure-actuated sea l  

conforas t o  the surface i r r e g u l a r i t i e s  of the mating seal ing surfaces. 

The s e a l  then c h i l l s  down t o  a low temperature wheu the cryogenic 

propel lant  appears i n  the f l u i d  systen,  thus causing d i f f e r e n t i a l  

shrinkage between the Teflon and i t s  mating metal surfaces ,  The 

sea t ing  load caused by i n i t i a l  def lec t ion  of the seal i n  i n s t a l l a t i o n  

is usual ly  s u f f i c i e n t  t o  prevent leakage a t  t h i s  po in t  i n  s p i t e  of 

the d i f f e r e n t i a l  shrinkage; and, a s  i'nternal pressure i s  appl ied,  the  
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scnting load is increased propor t i ona l ly  by pressure actuat ion of  the 

sea1 legs. V e r y  f i n e  surface f i n i s h  tolerances and a high degree of 

mating-surface f l a t n e s s  a r e  required t o  maintain s e a l  i n t eg r i ty .  

--- Teflon, U-Shaped C r o s s  Section With Inner Backup 

Metal l ic  "U" Spring 

!This type pressure-actuated s e a l  has a "U" cross  sect iop,  of which 

the Teflon makes up the l a r g e s t  pa r t .  The Teflon portion may be 

e i t h e r  molded o r  machined from shee t  or bar  stock. Within the Teflon 

s e a l ,  a metal spring suppl ies  the separating force t o  the legs. "his 

s e a l  has good seal ing a b i l i t y ;  however, i t  has some ser ious drawbacks. 

Because of the large amount of Teflon within i t s  cross  sect ion,  it 
has a tendency t o  cold flow under i n s t a l l a t i o n  and pressure loads, 

thus r e l i ev iug  i t s  u n i t  loading. High-temperature storage l i f e  tends 

t o  accelerate  t h i s  cold-flow process and reduce the s e a l ' s  service 

l i f e .  

up by close contact with the f l e e  mater ia l  around i ts  OD. 

b 

It is also weals i n  hoop s t r e s s  ckrzyiry a b i l i t y  unless backed 

t 

All-Metal, I<-Shaped Cross Section 

This type s e a l  (several  d i f f e r e n t  types avai lable  commercially) can be 

obtained machined from one mater ia l  and e i t h e r  unplated o r  with a 

s o f t  me ta l l i c  p l a t i q .  

coating of Teflon. 

: 

It also may be obtained with a t h i n  dispers ion 

The p l a t ings  o r  coating a r e  w e d  to a i d ' i n  s e a l  

leg conformance t o  mating flange surface f in i sh .  Because of the sho r t ,  

t h in  legs inherent  i n  i t s  design, the s e a l  i s  qu i t e  s e n s i t i v e  t o  

de f l ec t ion  (squeeze), and may be def lected only a few m i l s  before y i e l d  

s t r e s s e s  a re  exceeded. Although, it is small i n  cross sect ion,  thus 

allowing i n s t a l l a t i o n  i n  space-tight areas ,  t h i s  s e a l  does no t  at tain 

s u f f i c i e n t  de f l ec t ion  t o  take up the tolerances inherent i n  the grooved- 

j o i n t  makeup without taking a permanent s e t .  

.. 

This yielding causes a 



degradation i n  i t s  seal ing a b i l i t y ,  and cannot be used again a f t e r  

removed €rom a j o i n t .  

a r e  required,  i.e. , 8 t o  16 rms f i n i s h ,  f o r  any reasonable degree 

of success. 

the mating f langes,  thus making subsequent s e a l  i n s t a l l a t i o n s  i n  the 

Fine surface coniritions i n  the mating f lange 

The highly loaded seal contact  points  tend t o  B r i n e l l  

same groove worthless. 

BIXIT3il FORCE TYPE3 

Metal O-Rings 

The only s i m i l a r i t y  "etween rubber and meta 

shape. 

temperature l i m i t s ,  and have outstanding performance a s  ambient- 

temperature f l u i d  sea ls .  

s e a l  whose surface must be p l a s t i c a l l y  deformed i n  a mznner s imi la r  t o  

O-rings i s  i n  t h e i r  

Rubber O-rings a r e  completely e l a s t i c  when used within t h e i r  

The metal O - r i n g  i s  r e a l l y  a brute  force 
b 

a gasket  t o  e f f e c t  a s e a l  and, therefore ,  r e t a i n s  only s l i g h t  

r e s i l i e n c e  compared t o  the rubber O - r i n g .  

f l u i d  t o  be sealed increesea, causiog flange separat ion a d l o r  rota- 

t i on ,  the  metal O-ring loading is  reduced, causing 'eventual leakage. 

Because of t h e i r  small cross-sect ional  area,  metal O-rings can be 

used in  space-craqed i n s t a l l a t i o n s ;  however, they requi re  r i g i d  

f langes and high b o l t  loading t o  be successful. 

As the pressure of the 

Metal O-rings a r e  ava i lab le  i n  a la rge  va r i e ty  02 s i z e s ,  wall thick- 

hesses; mater ia l s ,  coat ings,  and i n  pressurized or  vented condition. 

I n  general ,  the b e s t  performance is  given by small (cross-sectional)- 

s i z e ,  thin-wall, s t a in l e s s - s t ee l ,  Teflon-coated, pressurized, o r  p l a i n  

metal O-rings. The Teflon-coated vers ion performs b e t t e r  than e i t h e r  

the  bare  o r  p la ted  types. 

- 2  

Pressurized o r  p l a i n  O-rings should be used 
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i f  SuTficienL. b o l t  loading is  available.  The vented O-rings should 

be used f o r  l i qu id  oxygen because of the p o s s i b i l i t y  o f  contact  

bct,ween l i qu id  olrygen and contamination i n  t h e  i n t e r i o r  of  t he  ring. 

Sprial-Kound Gaslie ts 

This type s e a l  cons i s t s  of s p i r a l l y  wound s t e e l  ribbon of chevron cross- 

sect ional  shape, with asbestos o r  Teflon f i l l e r  betweea turns. After 

being wound i i g h t l y ,  the ends of the s t e e l  ribbon a r e  welded t o  adjacent 

turns on the ID and OD, thus forming a s e a l  assembly. Spiral-vouud 

gaslcets a r e  used widely i n  the petroleum arid chemical i ndus t r i e s  where 

flange weight and consequences of small amounts  of leakage a r e  n o t  

c r i t i c a l .  They also have been used for some time i n  LOX se rv ice  on 

missiles a t  moderate and low pressures ; however, the increased ercphasis 

on leakage elimination, higher pressures, l a r g e r  si,T;es, and the advent 

o€ manrated systems have a l l  contributed t o  an increase i n  performance 

requirements which t h i s  gasket cannot meet. 

Spiral-wound gaskets  require  extremely high b o l t  loads. (appro:sirha'l?ely 

5000 lb/in. of circumference) t o  compress them a t  i n s t a l l a t i o n  (Table 2), 

and 5 e s t s  have shown leakage a t  very high r a t e s  i n  cryogenic applica- 

tions. The asbestos f i l l e r  used i n  some of these gaskets contains 

l i qu id  oxygen impact s e n s i t i v e  mater ia ls  ( l a t e x  and wax), and should n o t  

be used i n  l i q u i d  oxygen service.  

used i n  these gaskets ,  they are v i r t u a l l y  impossib-le t o  clean. %he 

Teflon-fi l led gaskets  cannot be l i q u i d  oxygen cleaned between the wrap6 

of metal and Teflon a f t e r  assembly o f  the gasket  and, therefore ,  a r e  

Because of the f ab r i ca t ion  technique 

l e s s  des i r ab le  than s e a l s  which can be cleaned on a l l  surfaces.  
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Gaskets a r e  made i n  various s t i f f n e s s e s  (spring- r a t e s )  by 

tension of the wrapping. "he s t i f f e r  gaskets  a r e  recomme 

higher pressures. They a l so  can be made i n  various shape 

use i n  shapes other than c i r c u l a r  i s  l i k e l y  t o  prove unsat isfactory i n  

a l l  bu t  low-pressure (100 p s i )  appl icai ions,  because of-unequal r a d i a l  

def lect ions under pressure. 

Various $%&,comings have been encountered i n  s p i m l k o u n d  >gaskets. 

The' ' relati&ly loose thickness tolerance,  i n  addi t ion t o  v a r i a t i o q s  i n  

wrapping, leads t o  considerable va r i a t ion  i n  compression load. Another 

d i f f i c u l t y  encountered i s  the tendency of the s t a in l e s s - s t ee l  ribbon 

t o  indent the f l a q e  seal ing surf  aces , p a r t i c u l a r l y  aluminum flanges.  

Spiral-wound gaskets  with s o f t  copper f i l l e r  between turns a r e  used 

i n  the tnrbine 

however, these 

exhaust system of ea r ly  vers ions of the F-1 engine; 

a r e  being converted t o  N&'LM%eals on l a t e r  models. 

Bureau of Standards 0 - R i q  
I 

, 
Reference 9 presents  the experiences of the National Bureau of Standards 

(Nf3S) Cryogenic Laboratory (Boulder, Colorado) with use of elastomeric 

O-rings used as gaskets  i n  cryogenic service.  In t h e i r  design, the 

O - r i n g  i s  no t  used i n  i t s  c l a s s i c a l  sense, i - e . ,  extrusion caused by 

pressure d i f f e r e n t i a l  across the seal, bu t  r a t h e r  squeezes out i e  tween 

flanges inha manner s imi l a r  t o  a crush-type gasket. 

enthxs5asm .shown by NBS f o r  t h i s  type s e a l ,  Rocketdyne undertook a t e s t  

program t o  v e r i f y  the t e s t  r e su l t s .  

Because of the 

. 
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conclusion drawn t 
i n f e r i o r  i n  performance t o  es 

t h a t  : 

1. The b e s t  performing elastomeric O-rings requi re  lOOO$ 

higher b o l t  loads than the NAFLEY pressure-actuated seal.  

The b e s t  elastomeric O-rings do not  perform as wel l  as 

the  W L M . s e a l  a t  pressures  above 500 ps i .  

2. 

3. The elastomeric O-ring exhibi ted most  of the performance 

c h a r a c t e r i s t i c  of a typ ica l  crush gasket ,  i .e.  , extremely 

high loadings required t o  s e a l ;  sudden and severe leakage 

when s e a l  i s  dis turbed;  leakage, when i n i t i a t e d ,  continues 

a t  a high r a t e ;  and leakage increases  exponentially with 

increasing pressure. 

k . .  
The bes t  O-ring t e s t  r e s u l t s  were obtained with an 0.070-inch 

neoprene s e a l  loaded t o  approximately 5600. pounds per l i nea r  inch 

of s ea l .  This extremely high loading w a s  required t o  compress the 

O-ring t o  the f%-recommended 80 t o  go$. 
by 30 t o  505 between two i d e n t i c a l  neoprene O-rings t e s t ed  a t  the 

same conditions. 

below 1000 ps i ;  however, on m o s t  t e s t s  a f t e r  leakage was once 

i n i t i a t e d ,  it continued unt i l  i n t e r n a l  pressure was reduced t o  half  

the pressure required t o  produce the i n i t i a l  leak. Actual lealrage 

a t  the higher pressures  w a s  very severe, and can be a t t r i b u t e d  t o  

the s e a l ' s .  poor r e s i l i e n c e  a t  l o w  tenperatures .  When pressurized,  the 

f lange tends t o  bend away from the  sea l .  

as pressure is increased, r e s  

Sealing perforrnapce' var ied  

The neoprene O-rings genera l ly  showed no leagage 

Tpe b o l t s  a l so  s ta r t  

ing. The O-ring m a t  

back when the  squeeze i s  reduc 

eases rap id ly ,  and severe leakage results..  



performance showed it to be a poor second to the neoprene. 
poorest perfonfance w a s  obtained with the common E 

Tiiird 
a-N O-ring. The 

- worst O-ring was the Viton A type. This seal showed extreme leakage 
at relatively low pressure, and was the only material to fail 
structurally 

Another undesirable characteristic of these highly loaded elastomers 
is the "nibbling off" of material around the edges of the ring. These 
particles could easily contadinate a "LOX clean" system zmd clog 
small orifices and screens. 

Other potential detrimental features (for whhh no tests were made) 
of the elastomeric O-ring are: 

1. Aging, in long-term storage 

2. Creep, caused by the high compressive stresses 

3. Complete disintegration, in high-radiation environment 

* Q  

Any one of these defects could cause severe leakage because of4the 
change ih material properties and subsequent unloading of %he.sealing 
member . 
The deficient sealing performance, the excessively high bolt loads, 
and the poor recovery characteristics of the elastomeric O-ring 

te it from consideration as a cryogenic seal until better 
cryogenic-compatible elastomers are developed. 
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Inconel-X Wire Nesh Wrapped i n  Thia Aluninum o r  

k c o n e l  Sheet 
-- 

I n  thc fabricat ion sequence of  t h i s  s e a l ,  i t s  aluninum s h e l l  starts 

O U L  as a f l a t ,  donut-shaped disk which i s  r o l l e d  around the mesh 

f i l l e r .  

fill. i n  minor flange-face imperfections. 

Mien i n s t a l l e d  i n  a j o i n t ,  the aluminum i s  s o f t  enough t o  

T h i s  s e a l  performed f a i r l y  we11 during laboratory t e s t i n g  i n  which 

flange ro t a t ion  o r  separation were not  involved. 

t ion does come i n t o  play,  i t s  performance is  much poorer than the 

NaPles seal .  

'When flange separa- 

!letal 0-Ring i n  :&tall i c  Spacer 

This seal  is a metal 0-i.inT hounded hj- s o l i d ,  metal l ic  spacer r ings as 

i ts  I D  and OD. 3%- using mater ia ls  having d i f f e r e n t  coe f f i c i en t s  of con- 

t r ac t ion  i n  tl:e t!iree components o f  the  s e a l ,  a r a d i a l  squeeze can be 
* 

exerted o n  tiie O-ring at cr?*ogeriic temperature because of the d i f f e r e n t i a l  
slirirrkage. T h i s  squeeze i s  intended t o  o f f s e t  the e f f e c t  of  an)- Zlange 

rotat ion o r  separation, and thus maintain a high sea t ing  load on the sea l .  

Iiowever, th is  s e a l  s t i l l  has the  requirement f o r  high b o l t  loading t o  

compress.tlie metal O-ring. Tests indicated t h a t  t h e  r a d i a l  squeeze does 

not compensate f o r  f lange r o t a t i o n  o r  separation t o  any great  extent. 
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on is given in Ref. 10 concerning the develo 

re-sensitive seal consisting of a Neoprene 
Invar insert. 
liquid gas to stress the gasket and maintain a positive static seal at temper- 
ature do:m to -297 F. 
and is independent of the assembly installation load. 

It uses a temperature drop accompanying the confinement of  a 

The gasket stress increases as the. temperature d r o p s ,  

In tests conducted by Rocketdyne, sealing performance of this type seal 
with aluminum flanges was very good. This seal, however, has two inherent 
disadvantages which precluded its use. The mating flanges must be aligned s o  

that there is close concentricity of mating grooves; otherwise, installation 
of the seal is difficult or even impossible. The second drawbaclr is that 
the components o r  ducts utilizing the seal cannot be installed or removed 
from a system installation in a lateral direction without moving the adjacent 

k 
'ducting in an axial direction. 

SPRING-TYPE SEALS 

Conical Spring Seal 

This type joint (Table 2) consists of a male and female flange and 
a frustrum of a cone-shaped gasket. A quick-dis'comect, V-band 
coupling can be used to retain the flanges o r ,  in .the case of high- 
pressure separating forces, bolted flanges can be,used. The initial 
gasket slope is greater than the slopes sf the mating flange faces, 
since the vertical distance between flange lips is less than the cross- 
sectional height of the gasket. As the 
the gasket begins sealing radially against the mating flange lips while 
the inclined flange surfaces are brought to bear against the gasket 

anges are clamped together, 

i 
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s i d e s  and prevent gasket  column buckling. 

leverage involved induces a p l a s t i c  €low condi t ion on the sea l ing  

edges of the gasket. 

t he  j o i n t  should be capable of some flange separation. 

The mechanical-advantage 

Theoret ical ly ,  s ince the gasket  is  preloaded, 

This s e a l  was evaluated by Rocketdyne 5 years  a g o .  A t  tha t  time, t h i s  

design had n o t  been adapted t o  the heavier f langes required f o r  high- 

press'ure, large-dime t e r ,  rocket engine component3. Our t e s t  j o i n t s  

were one of the f i r s t  attempts t o  accomplish t h i s .  

and the f a c t  that the spec ia l  f lange configurat ion required was pecul iar  

t o  the  conoseal only and not  r ead i ly  adaptable t o  other  types, fu r the r  

evaluat ion w a s  stopped i n  s p i t e  of encouraging i n i t i a l  t e s t  r e s u l t s .  

. .  

For t h i s  reason 

X-Type Seal  

Several ,  spec ia l ,  "X" cross-section sea l s  were tesrted a t  cr3-ogenic 

conditions. 

They were found t o  be completely unsa t i s fac tory  because of excessive 

leakage, and the  s e a l  l egs  Br ine l led  the f lange surfaces ,  thus making 

it necessary t o  resurface them f o r  reuse. 

The s e a l s  we're maEhined from Inconel-X and s i l v e r  plated. 

a Q  

Miniature, Machined Bellows Seal  

This type s e a l  i s  ac tua l ly  a me ta l l i c ,  machined bellows with a seal ing 

edge on each end (Table 2). 

this s e a l  has very l i t t l e  pressure ac tua t ion  and, therefore ,  i s  a l m o s t  

.., ! , I!;.- 
Because of i t s  pressure balancing areas ,  

",. : ,  , 

e n t i r e l y  spr ing loaded. 

t ion  f o r  i t s  s i z e ,  as compared with other s e a l s  of s imi la r  design. 

very small cross-sect ion allows i n s t a l l a t i o n  i n  space-cramped areas .  

Two types were t e s t ed ,  one KeI-F coated and one with a s o f t  me ta l l i c  

plat ing.  The plast ic-coated s e a l  performed b e t t e r  than the metal l ic-  

p l a t ed  vers ion,  but both leaked s u f f i c i e n t l y  t o  be dropped from fu r the r  

Its l o w  spr ing  r a t e  allows a la rge  leg def lec-  

Its 
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consideration. Since the seal 
ssure actuation, very fine s 

allelism of the flanges are 

..-- 
STATIC SEAL FIGURE OF HXRIT 

Since, by wing the gasket-factor technique, it i5 difficult to' conpare 
the performance of a very resilient seal that is capable of following 
the deflections of flightweight flanges and that of a relatively non- 
resilient gasket or seal with extremely rigid flanges, a new method 
of rating seals was developed utilizing a dimensionless parketer 
called static seal.figure of merit. The static seal figure of merit 
is made up of the parameters most significant to seal performance, and 
the magnitude of the number is directly proportional to the relative 
performance of the seal. 

e 
P * S  Static seal figure of merit = 7 

where .. 

4 

, 
P = maximum pressure at which leakage with liquid nitrogen 

is less than 1/10 ~cim/linear inch of circumference at 
the sealing edge*, or the maximum operating pressure-- 
whichever is lower . 

distance the seal will spring back when the initial squeeze 
ie relaxed (also may be defined as resilience or elastic 

recovery), measured in mils. 

S = . .  

*Seal performance was determined by functional lealcage tests with a 
cryogenic fluid pressurized in a seal test joint (Fig. 10 and 11) 
Leakage trapped in a manifold outboard of the teat seal 

f lowrator. "Zero leakage"--an oft 
r solid metal walls 



LNz INLET 

LN, STANDPIPE 

VENT 
LIME - 

LEAK 

FLOW METER " 

THERMOCOUPLE 

4 THERMOCOUPLE 

COIL 

Figure 10. Schenatic of Laboratory Seal 
Test Apparatus 

HELIUM 
OR 

G N 2  SOURCE 

# 

REGULATING 
VALVE 



Figure 11. Photo o f  Seal Lab Test Apparatus 
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L = the  i n i t i a l  load required t o  malie a t i g h t  s e a l  measured 

i n  pounds/circumfcrmtial inch a t  the seal contact  p o i n t  

p e  f igure  of rneriz is m o s t  impor t an t  when select.ing s e a l s  €or  use a t  

pressures & w e  100 psig. A t  lower pressures and i n  heaty-llanges,  s e a l  

s e l ec t ion  is of ten  not s o  c r i t i c a l .  
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DESIGN F3IILOSOPXY OF N A F W  SEAL 

The.standar6, press*-actuated NMLEk s e a l  i n  croc3 sect ion i s  essen- 

t i a l l y  ;i metal "U", with the s l o t  opaning r a d i a l l y  inward. The t i p s  

of the legs ,  which contact the flange surface,  are coverea with a thir 
Teflon f i lm,  which is deformed p l a s t i c a l l y  t o  conforn t o  f lange . 
surfaces.  The i n i t i a ' l  loading, produced by the e l a s t i c  spring leg ,  

provides a leak-proof j o i n t  over a wide range of pressures.  Flange 

and b o l t  loads, caused by the s e a l  compression a r e  neg l ig ib l e ,  i n  

comparison with m o s t  other s e a l s  o r  gaskets.  

The Rocketdyne-designed, pressure-ac tuated s e a l s  a r e  corrposed. of t : ;o 

basic  conponents:. 

leg. A l m o s t  any p l a s t i c  mater ie l ,  when compressed t o  high 3 t r 9 1 9 ~ ~ ,  

produces aa e f fec t ive  s e a l ;  however, a s  E. j o i n t  is cooled t o  cryogenic 

tenperature,  the p l a s t i c  mater ie l  shrinks a t  a d i f f e rens  (and usualci. 

g r e a t e r )  r a t e  than the j o i n t ,  thus causing the gasket t o  unseat and 

(1) s o f t  p l a s t i c  gasket ,  and (2) the n e t a l l i c  sec.1 

k 

lose c o q r e s s i v e  s t r e s s .  P l a s t i c  r ra ter ia ls  su3jectefi t,o hig5 scresse3 

f o r  l o n g  durations tend t o  creep o r  cold flow. -Further  l o s s  o f  gasket 

load occursj as a r e s u l t  of f lange separat ion,  when the j o i n t  is pres- 

surized. 

preceding shortcdrnirgs of the p l a s t i c  gasket. The r e s i l i e n c e  of the 

n e t a l  l eg ,  which in e f f e c t  is  a caa t i l eve r  spring, co r rec t s  f o r  

shrinkage, cold flow, and creep, A decrease i n  leg d-eflectics caused 

by these e f f e c t s  produces only a r e l a t i v a l y  small decrease io load 

applied t o  the p l a s t i c .  The increased load caused by s e d  pressure 

actuat ion also tends t o  balance out  the higher load requiyed on the  

gasket  t o  s e a l  a t  higher i n t e r n a l  pressure. 

The me ta l l i c  member of the seal  conienzates fox  a l l  of  the 



111 theory then, the m o s t  e f f i c i e n t  cryogenic s e a l  design must be one 

illat combines the m a x i m u m  of e l a s t i c i t y  with the minimum o f  p l a s t i c i t y .  

liowever, p r a c t i c a l  considerations'  i n  the design of seals l i m i t  the 

appl icat ion of t h i s  theory. 

designed i n t t l  a pressure-actuated s e a l  leg i s  dependent upon the 

For example, the e l a s t i c i t y  which may be 

length and thinness of ,the leg ,  bu t  these, i n  turn,  a r e  l iuii ted by 

bending s t r e s s  and minimum s e a l  seat ing load requirements. Similarfy,  

the p l a s t i c i t y  i s  dependent upon the thickness of %he p l r s t i c  coating, 

Jhich may n o t  be reduced below a c e r t a i n  minimum or  the p l a s t i c  w i l l  

n o t  conform t o  i r r e g u l a r i t i e s  i n  the flange f l a t n e s s  and surface 

f in i sh .  

NhFLEX s e a l s  come i n  various configur'ations, such as the groove, 

spacer, and inverted types (Fig. 12.). 

design was conceived t o  s a t i s f y  the HASA r equ i r e ink t  f o r  pr inary s e a l ,  

The spacer-type NAFLM. s e a l  

leakage-monitorips capabi l i ty .  The f l a t  spacer portion of the s e a l ,  

between the primary s e a l  legs  and the I D  of the b o l t  c i r c l e ,  provides 

a secondary o r  leakage-monitoring sea l .  This is s t r i c t l y  a gasket- 

type s e a l  with approximately 1000-psi u n i t  load applied over a mini- 

mum of O.la-inch, radial-width ring. Since the cryogenic s e a l s  a r e  

completely coated with Teflon, the Teflon supplies a s o f t  s e a t  f o r  

the secondary s e a l  area. Leakage pas t  the primary s e a l  i s  trapped by 

the secondary s e a l ,  and vented off t o  a leak meter, through a hole i n  

the mating flange. Small holes a r e  d r i l l e d  through the s e a l  t o  j o i n  

both caviSies between primary and secondary s e a l s ,  thus obviating the 

heed f o r  vent holes i n  both mating flanges. 

intended t o ' b e  a redundant s e a l ;  it i s  intended t o  provide seal ing 

a b i l i t y  a t  pressures no higher than 50 psi.  

NAF'LEX s e a l s ,  a s o f t  me ta l l i c  (copper o r  s i l v e r )  coating per foms 

the same secondary s e a l  fm-ction as the Teflon does on the cryogenic 

seal.  F i g u r e 1 3  is  a photo of the cross sect ion of a typ ica l  Naflex 

spacer s ea l .  

' 8  

The eecondary s e a l  i s  no t  

In the case of hot-gas 
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SPACER TYPE 
(INTERNAL PRESSURE WITH 
LEAKAGE MONITORING VENT) 

LOOSE-RING, FLANGE TYPE 
(INTERNAL PRESSURE WITH 
LEAKAGE MONlTORiNG VENT) 

GRGOVE TYPE 
(INTERNAL PRESSURE) 

DUAL SPACER TYPE 
(EXTERNAL AND 

iNTERNAL PRESSURE) 

Figure 12. Various NAFLEX Seal Configurat ions 





MATJBIALS SELECTION 

Metals 

HAFLEX sea l s  were fattr icated of m a y  mater ia l s  during the ea r ly  develop- 

ment phases.. Those t h a t  received the  most  a t t en t ion  a re  discussed 

below, 

A-286 a l l o v  s t e e l  was the f i r s t  choice on the  basin of good lozr- 

temperature d u c t i l e  proper t ies ;  however, the la rge  va r i a t ion  i n  

t e n s i l e  proper t ies  inherent  with hea t - t rea ted  A-286 s t e e l  caused 

e r r a t i c  seal performance. 

mater ia l .  

No fu r the r  considerat ion was given t h i s  

17-7F'H (p rec ip i t a t ion  hardened) a l loy  s t e e l  s e a l s  were fabr ica ted ,  

and passed fuhc t iona l  s e a l  t e s t s ,  w i t h  the  Gxception of impact a t  

cryogenic temperature. The s e a l  was cooled t o  cryogenic temperature 

by immersion i n  l i q u i d  ni t rogen and, i m e d i a t e l y  upon removal, an 

impact load w a s  applied manually with a nonmetallic hammer. 

s e a l s  s p l i t  along a h igh-s t ress  plane, and repeated t,ests *produced 

the same r e s u l t s .  This mater ia l  was eliminated from fur ther  

consideration. 

Several 

4340 a l loy  s t e e l  was the  f i n a l  high-strength mater ia l  invest igated.  

This mater ia l  has superior  t e n s i l e  proper t ies ,  and has passed the 

impact t e s t  a t  cryogenic temperature. The lack of corrosion r e s i s -  

tance is  a problem with 4340 s t e e l ;  however, the use of e l e c t r o l e s s  

n i cke l  p l a t e  provides adequate corrosion res i s tance .  A l l  s ea l  da t a  

mentioned i n  t h i s  r epor t  was obtained from t e s t s '  with 4340 s t e e l  
sea ls .  
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Inco 718 nickel  a l loy is  i n  t h e  proceas of  evalua-tjoxi. 

properties comparable t o  4340 s t e e l  and improved low-temperature notch 

s e n s i t i v i t y .  It 'is inherent ly  corrosion r e s i s t a n t  and, therefore ,  

requires no p l n t i w .  

.It. has skrer,gth 

Teflon 

Teflon proved t o  be the b e s t  p l a s t i c  material  f o r  cryogenic, s t a t i c -  

s e a l  appl icat ions during the i n i t i a l  development phase; hoirever, e a r l i e r  

models of NAFLEX s e a l s  used a pressure-sensit ive Teflon tape as the 

seal ing member. The tape had several  disadvantnges. Because of 

l imi t a t ions  i n  the width o f  tape roll avai lable ,  a 12-inch-diameter 

s e a l  w a s  the l a r g e s t  s e a l  t h a t  could be covered without l a p  jo in t s .  

A l a p  j o i n t  prosed undesirable,  n o t  e n t i r e l y  from a lealrage standpoint,  

bu t  because the l a p  acted a s  a "stress r i s e r "  t o  i n i t i a t e  tape s p l i t t i n g .  

D i f f i c u l i t i e s  also were experienced with adhesion of the Teflon tape 

t o  the s e a l  surfaces. 
b 

Development of the s t e e l  N-AFLM s e a l  made possible the use of the 

Teflon dispersion c-oating. 

coated with Teflon because the Teflon bake process requires  iempera- 

tures  which a l t e r  the heat  treatment of  the aluminum. 

Aluminum s e a l s  cannot now be d i s p e p i o n  

Teflon dispersion coating is a multiple-layer enamel system applied 

y i th .  a ppxay paint  process; the appl icat ion techniques used by the 

coater  determine the qua l i t y  of the coating on the f in i shed  pa r t .  

The ac tua l  processing of the Teflou coating is spec i f i ed  by a 

Rocketdyne process specif icat ion.  

; 
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Problems, associated with measurement of the 'thickness of the Teflon 

coat were resolved by the addi t ion of an over-all  w i  t h  dimension t o  
be measured on the f inished seal .  Thus, coating th  

s i d e  of the s e a l  w i l l  be within tolerance i f  each s i d  

same number of coats.  TFE ( t e t r a f  luoroe thylene) Tef 1 

Tef l o a  dispers ion coating used on the s e a l s  ; however, FEF' ( f luorinated 

ethylene "propylene) Teflon 100, 

a superior roaterial. 

but,  PIP i s  a t r u e  thermoplastic and, while being processed, melts 

and flows t o  form a smooth continuous surface.  TFE p a r t i c l e s  only 

fuse together,  b u t  do not  melt. 

supersede TFX f o r  a l l  s e a l s  when s u i t a b l e  processing controls  (process 

spec i f i ca t ions ,  e t c , )  have been establ ished and coating vendors have 

deveSoped t h e i r  techniques t o  a higher level .  

a recent  development, appears t o  fie 

Tensile propert ies  of FEP a r e  s i m i l a i  t o  TFE; 

It is  intended t h a t  FEP coating 

C OBPOhWT TIE TS 
G 

The NAFLMseal has undergone an extensive s e r i e s  of component t e s t s  

during the las t  5 years. These t e s t s  usually a re  conducted i n  a 

component t e s t  c e l l  i n  which the s e a l  is  i n s t a l l e d  with f lacges 

iden t i ca l  t o  those used on engine hardware, and with s u f f i c i e n t  length 
L 

of tube on each flange end t o  a l l o w  even d i s t r i b u t i o n  of flange bend- 

ing moment i n t o  the tube. Figure 14 shows some typical  f lange t e s t  

c e l l s .  These t e s t s  subjected the s e a l  t o  the uormal design conditions 

of pressure,  temperature, def lect ion,  and environment. 

7 5  



Figure 14, Typical S ta t i c  Seal Test Cells 
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. .  
Functional Tests 

"he nominal-condition t e s t s  subjec t  the sea l  a t  the averqge s t a t i c  

condi t ions ( tenperature ,  pressure,  and def lec t ion)  a t  which the 

majority of s ea l s  operate. 

2OOO-psi maximum. The t e s t  temperatures were -320 to-:29O F, using 

l iquid x&trogen . t o  , s i n d a t e  l i qu id  oqgen .  

All t e s t s  were conducted t o  a nominal 

Many keets were smde w i t h  

. beliw.4iq s inu la t e  s e a l  performance with l i qu id  hyckbgeni Tea t .  

r e s u l t s  w i t h  t h i s  prototype indicated no leakage. 

Seal  Tolerance f i t reme Tests 

Two ' s ea l s ,  one representing the. highest  seat ing load and one repre- 

senting the lowest sea t ing  load produced by the extremes of  design 

tolerances,  were t e s t ed  i n  each of the  three s i z e s  (l.5-, 4-, and 

17-inch d i m e  t e r )  . r( 

These sea l s  a l l  pass the liquid nit rogen funct ional  

without d i f f i c u l t y .  Their s a t i s f ac to ry  performance 

lealrage t e s t s  

with high loading 

shows t ha t  the Teflon-coated seal ing edge i s  not  overstressed, and 

t ha t  there  will be no excessive co ld  flow t o  a f f e c t  operation of the 

seal .  

The low-loading s e a l  also performed s a t i s f a c t o r i l y ,  which show t ha t  

the Teflon coating is loaded high enawh . t o  s e a l ,  even a t  the f i i g h t e s t  

loading conditions. 
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Life-Cycle Tests (Reusabili ty) 

A t es t  s e r i e s  was conducted t o  .demonstrate t h a t  the NAFLM s e a l  

would operate s a t i s f a c t o r i l y  f o r  the u a x i m u m  required l i f e .  

The f i r s t  p a r t ' o f  the t e s t  s e r i e s  consisted of 100 i n s t z l l a t i o n  

cycles of  the  s e a l  i n  a standard i n s t a l l a t i o n  simulating repeate'd 

Isage. 

The second p a r t  of the t e s t  s e r i e s  subjected the s e a l  t o  500 pres- 

su r i za t ions  ranging from o t o  2160 psig t o  s i n u l a t e  a maximum possi- 

ble.nwnber of proof-pressure cycles any one s e a l  is  l i k e l y  t o  receive. 

The t h i r d  p a r t  of the s e r i e s  consisted o f  1/2 mil l ion pressure cycles 

ranging from 1440 t o  2160 psig a t  -3% F. 

the f luc tua t ions  of  pressure t h a t  can e x i s t  i n  a t y p i c a l  propel lant  

geed system. 

c r i t i c a l ,  because i t  subjects  the s e a l  t o  an extended s e r i e s  of 

s t r e s s  cycles t h a t  w i l l  promote f a t igue  f a i l u r e s  i f  there  i s  any 

These t e s t s  duplicated 

b 
This portion of the s e r i e s  TBES expected t o  be the m o s t  

inherent s e a l  wealmess. 
I 

The 4340 s t e e l ,  tapered-leg s e a l  passed a l l  phases of the l i fe-cycle  

t e s t  s e r i e s  l i i thout s t r u c t u r a l  f a i l u r e  and, subsequently, passed 

funct ional  leakage t e s t s .  Seals  representing the tolerance extremes 

of the s t e e l  s e a l  design successful ly  passed the e n t i r e  s e r i e s  o f  

t e s t s ,  

- 

I 
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Pressure Surge Tests 

The s e a l s  were subjected t o  extreme pressure surges t h a t  were produced 

by pressurizing a s tand pipe (Fig. 15; t o  100 o r  200 psig with l i q u i d  

ni t rogen and opening a quick-acting propel lant  valve located i n  the 

l i n e  between the s tand pipe and t e s t  j o i n t .  This procedure consis tent ly  

produced pressure peak surges over 1000 psig and socle as high as 

5000 psig. 

The NAFLEX s e a l s  showed no s t r u c t u r a l  damage a f t e r  three surge t e s t  

cycles ,  and no leakage was recorded during o r  a f t e r  the surge tests. 

Proof-Pressure Tests 

Seals  were t e s t e d  i n  a very r i g i d  f i s t u r e  t o  determine the actual  

proof -pressure l i m i t s  on the seal determined by s e a l  s truc tural 

strength.  Standard -hydrostatic pressure t e q t  techniques were used. 

The s e a l s  were pressure t e s t ed  to  6000 psig without m y  measurable 

dimensional changes. C r i t i c a l  points (Fig. 16 ) t h a t  were measured 

were the over-all  width and the width a t  the leg midppin't;"changes 

i n  e i t h e r  would have indicated t h a t  the s t r e s s  i n  the s e a l  legs had 

exceeded y i e l d  a t  the midpoint. The s e a l ' s  r e s i s t ance  t o  permanent 

s e t  indicates  t h a t  the leg s t r e s s  d id  not exceed the ma te r i a l ' s  y i e l d  

i n  a s i g n i f i c a n t  portion of the seal leg.  The flange faces undoubtedly 

tend t o  support the s e a l  legs  when they balloon a t  midpoint, and thus 

reduce the ieg s t r e s s .  Ektrernely l i g h t  i langes would not  support 

the l egs ;  however, l i g h t  f langes could no t  be used a t  high pressures. 

. .  7 9  



Figur-e 15. Pressure Surge Test Lab Se tup  
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@WIDTH AT LEG MIDPOINT 

Figure 16. UAFLEX Seal Cross Section 

Sea ls  made t o  the tolerance extreme t h a t  produces the thinnest  leg . 

were pressurized t o  s t r u c t u r a l  f a i l u r e .  The fa. i lure was evidenced 

by sudden and severe leakage. 

quired t o  produce t h i s  leakage we$e i n  excess of 22,000 psig. A t  

t h i s  , e reasye , , .  the flanges were seen -to s e p a r a k  about 3/32 inch. 

The dispersion-coated (Teflon) NAFLEX s e a l  showed no sign of leakage 

In  every instance,  the pressures re- 

. .  

up t o  20,000 psig.  
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Based on these proof -pressure tes  ts ,  the s t e e l ,  groove-type, NAFLM 

seal, when operating a t  2000 psig,  has a Functional Safety Factor 

of 3 and a S t r u c t u r a l  Safety Factor of 11. 

. I  . 

Functional Safe$y Factor 

is  defined as the r a t io  of the  maximum safe  operating pressure t o  

the operating pressure. S t ruc tu ra l  Safety Factor i s  the r a t i o  of 

the pressure required f o r  , s t ruc tu ra l  Pai lure  t o  the operating pressure. .  

Accelerated Aging 

One of the most  c r i t i c a l  prablema associated with any Teflon seal ing 

system is t h a t  of cold flow. The Teflon must be-hig'hly s t r e s sed  t o  

.seal a t  cryogenic temperature; however, t h i s  same high s t r e s s  a t  

ambient temperature may over s t r e s s  the Teflon and cause cold flow. 

The t e n s i l e  s t rength  a t  ambient temperature i s  approximately 3000 ps i  

and, a t  cryogenic temperature approsimately 20,000 ps i ;  t h i s  

ind ica tes  the extreme change i n  physical propert iee  of Teflon a t  the 

two  temperature extremes. 4 

To determine the  e f f e c t s  of Teflon eging, the  cold flow is  accelerated 

by placing the s e a l ,  while i n s t a l l e d  i n  a t e s t  f i x t u r e ,  i n  an oven 

a t  160 F f o r  48 hours. 

t he  s e a l  before  and a f t e r  the  aging process. 

and de ta i l ed  measurements taken t o  evaluate the  e f f e c t s  of the t e s t .  

The NAE'LEX s e a l  has passed t h i s  t e s t .  

A cryogenic funct ional  t e s t  is perfoplea 

The r e s u l t s  a r e  compared, 

Performance 'Tests a t  Off-Design Conditions 

Flange Defect Leakage. 

scratched surfaces. Ledcage is caused by scratches which a r e  eas i ly  

NAFLELJT s e a l s  were t e s t e d  i n  f langes with 

detectable  with a f inge rna i l  and which run in a noncircumferential  

direct ion.  The l a r g e r  the  scratch,  and the c lose r  t o  r a d i a l - i t s  

d i rec t ion ,  the g r e a t e r  the leakage w i l l  be. 

. .  



* .  

Flange surface defects  are a l s o  detected,  during the low-pressure 

gaseous nitrogen checkout with soap solut ion detector , .by formation 

of bubbles o r  fuzz. 

* Flange crnrl Groove Surface Finish. 

been conducted with various f in i shes ;  however, i n  every case, a t  

Tests with cryogenic s e a l s  have 

l e a s t  a 32-rms f i n i s h  was required t o  prevent leakage. 

the lay of the t o o l  marks is important, and should be concentric with 

the sealing l i p  of the seal .  Tool marks t h a t  cross the s e a l  edge 

promote leakage by offering a d i r e c t  channel f o r  leakage flow pas t  

the sealing edge. Rocketdyne's standard flange f i n i s h  requires  t h a t  

a "C" be used t o  indicate  t h a t  t oo l  marks a r e  t o  lay i n  a concentric 

or c i r c u l a r  pa t t e rn  such a s  those produced by facing with a l a the  

(Ref. 11). 

In addi t ion,  

Testa were conducted with a 1 6 - r ~  ground f i n j s h  and en 8-rms lapped 

f inish.  The r e s u l t s  i nd ica t e s  t h a t ,  t o  meet a l l  service r equ i rmen t s ,  

the only a l t e rna t ive  t o  a 32C f i n i s h  is  the 8-rms finish. .  

Out-of-Parallel Surfaces. 

i n  flange p a i r s  purgosely out of p a r a l l e l .  

assembled with shims t o  produce progressively 0.002-, O.OO3-, and 0.004- 

inch nonparallel  surfaces. 

Tests with the XMLEX sea l s  bere conducted 

A 3.6-inch-ID j o i n t  vas 

The sea l s  performed well  up t o  0.004-inch, 
which was n o t  a l i m i t  but  only the extreEe of the t e s t s  made. : 

Flange Swiveling Tests. Tests with N A F W  s e a l s  were conducted i n  a 

j o i n t  modified so t h a t  one flange could be swiveled, with respect  t o  
the other,  around t h e i r  longi tudinal*axis ,  
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The seals were tested at pressures ranging from 150 t o  250 p s i g  at 
-320 F, with liquid nitrogen in the joint. 
through an angle of 15 to 30 degrees while pressurized, 
was recorded, even during the swiveling. Four hundred cycles 
(800 angular movements) on each seal were performed without any 
signs of damage to the Teflon coating. 

The joint was cycled 
r\io leakage 

These results suggest the possibility of using NAFLEX seals in 
m i d  joints. 

LOX Impact. 
Teflon tape used on the original NAFLEX seals. The problen! wa3 not 
in the Teflon film itself, but rather in the presaure-sensitive ad- 
heaive that waa used on the tape. 
to 20 ft-lb of energy impacts. 
40 ft-lb impacts. 
LOX impact, 

Sensitivity to LOX impact was a major disadvan-tage of the 

The first Teflon tape was sensitive 
An improved t3pe vas sensitive to 

The Teflon dispernion coating is insensitive to 
c 

Shock Testa. Tests were conducted to determine whether the candidate 
seal materiala were sdoject t d  f a i l u r e  bEcause of t h e r i a l  a@ hechan- 
ical shock. Several prototype seals were tested to extremes of  

temperature rmse (-320 to 160F) witbout themal shock failwe. 
Nechaxiical shock was applied to the test part after chilling to 
-320 IF. 
17-7PE seal was the only seal  that did not pas8 thie t e s t ;  it showed 
a typical brittle impact fracture, Otiner Iliaterids tested were 2024 
aluminun, and A-286 and 4340 steels. 

The physical impact was delivered with a rubber mallet. The 
- 

Although 4340 steel is lees ductille t h m  several other ateela at 
cryogenic temparehres, there have been no brittle faillu'es on these 
seals in m y  of the nany teats conducted at teqeraturea do:= t o  

-425 F, or,during t'ae life cycle teats (1/2 million preoaurea cycles 
at -320 P). 
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Load Deflectior-. Tests were cozlducted with an Ins t ron  machine* t o  

determine (1) the  load vs def l ec t ioncurve .  f o r  s t e e l  s e a l s ,  (2) . the 

load n t  >he i n s t a l l e d  def lec t ion  f o r  these s e a l s ,  and'(3) the 

eap i r i ca l  coef f ic ien t  used t o  modify the  theo re t i ca l  leg def lec t ion  

equations f o r  leg design purposes. 

-!&picnf load def lect ior :  c w e a  f o r  representat ive;  types o f .  21@,= 

seals &e sfiown in  Fig. 17- 

]Environmental Tests. 

be subjected t o  extremas of environment (i .e. ,  high humidity, sa l t  
spray, 160 F and -65 F) f o r  i p e c i f i c  periods of time, and then be 

capable of  passing funct ional  t e s t s .  

Mi l i ta ry  spec i f ica t ions  requi re  t h a t  components 

Sa t ia fac tory  r e s u l t s  were obtsined with production-type s e a l s  t h a t  

were i n s t a l l e d  i n  s e a l  t e s t . j o i n t s  and given funct ional  t e s t 3  before 

and a f t e r  the environmental t e s t s .  r, 

The Teflon dispers ion coating on the NAE'LEXseal ac t s  as an exce l len t  

protect ive c.oatiog. On some of the s e a l s ,  cerf;ctin areas  cannot be 

adequately coated o r  inspected; therefore ,  the  sea l s  a r e  n icke l  

p la ted  f o r  corrosion protect ion before the Teflon coating i s  applied. 

r e  

*A type of t e n s i l e  t e s t  machine designed f o r  low-load-range t e s t s  
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LABORATORY 

Seal  gas lealrage during laboratory t e s t ing  i s  monitored by (1) water 

displacement, (2) r o t m e t e r  (flowmeter), o r  (3 )  soap bubbles, with 

.the water displacement method being the  m o s t  comon. 

Laboratory t e s t ing  procedure cons'ists of bringing the t e s t  f i x t u r e  

t o  the desired temperature, pressurizing the  f i x t u r e  t o  the  des i red  

pressure, and then measuring the  volume of water displaced by the 

gas leakage t h a t  occurs over a span of 1 minute. 

any volume of leakage from 0.2 t o  500 scc can be measured. 

With t h i s  setup,  

The present  lzboratory water displacement setup cons is t s  of an 

inverted,  ca l ib ra t ed  b u r e t t e  (Fig. I S ) ,  9 i t h  provisions made f o r  

venting lealiage t o  the bu re t t e  from the  s e a l  t e s t  setup. 

The water displacement method gives  a measurement of t o t a l  leakage 

per given 

r a t e  measurement. I f  a r a t e  of leakage is  desired,  the  bu re t t e  

setup (Fig. 19 )  can be replaced with a rotometer. 

(gas floxvmeter) has a leakage measuring capabi l i ty  of 80 t o  5000 sccm, 

and ind ica tes  leakage r a t e s  instantaneously. 

period of time, i . e . ,  it i s  not  an instantkneous leakage 

The rotometer 

When a nonqumti ta t ive  check f o r  low-pressure leakage (100 psig 

maximum) a t  room temperature is reqqired,  a soap so lu t ion  is appl ied 

t o  the  a rea  under invest igat ion.  I f  a leak is  present ,  a foam 

(fuzz) w i l l  appear. The leakage r a t e  i s  indicated by the  s i z e  of . the 

bubbles i n  the foam, and the  r a t e  a t  which they a re  formed. "he 

qoap so lu t ion  method i s  used only $0 determine i f  a leak e x i s t s ;  

es t imate  of the  leekage depends e n t i r e l y  on 
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h a l t e r n a t i v e  f o r  the soap check method i s  t o  i 

in water, and watch f o r  the appearilllce of bubble 

f i x  turi-e 

* .  

Few t e s t a  have been run using the helium mass spactroneter  for 

detemining NSLm s e a l  leekage. 

2 x 10-l' t o  2- x 

leakages in excess of the maxiuum reading of the spec t romte r .  

of t he  s e a l s  used were t e s t e d  3y t h e  water displncen'ent method p r i o r ,  

This device has a r a w e  of ------.'= 
scc/sec heliun, and all t e s t s  r e su l t ed  i n  

A l l  ' 

t o  the moss spectroneter  tests, with no  I.eakege resulting. 

Tests with the mass spectrometer cons i s t  of pressurizing the 

f i x t u r e  t o  50 psig helium, and pull ing a vacuum of 5 x 10 

between the primary and secondary seal ing surface. 

the pr inary seal ing surface is  pul led through a sensor, and the 

leakage r a t e  recorded. 

-5 

Leakege p a s t  
mn IIg 

k 

Pr io r  t o  del ivery of each engine, each exgine system i s ' f i r s t  

isolated asd leak checked with the pressure gage lockup netsod; 

i .e.,  the system i s  pressurized with a gar; etnd held,  with any drop 

in pressure indicat ing leslrage. 

with a gas flowmzter (MAE0 flowmeter), 

ment i s  from 10 t o  13,000 sccn. . 

Then, each j o i n t  i s  ieak checked 

The range of t h i s  ihstru- 

STATIC EXGINE 'TEST 

Haatirie;s-Raydist gas f lownetera (modified) a r e  ueed d w i n s  engine 

f ir ing t o  de t ec t  leakage. 

the e l e c t r i c a l  output of d i r e c t l y  heated conduits, which form 

This type of flowmeter (Fig. 1 9 )  compares 
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elements of a thermopile, t o  measure the cooling effect of the fluid 
passing through the conduit. 
80 to 1600 sccm, with an accuracy within lo$ under lab conditions. 

The capacity of the flowneters ia 

However, 
changes, 

tions is 

this device is sensitive to vibrations and teuperature 
and its accuracy and reliability under engine firing condi- 
still under investigation. 

The principle o f  operation of the Ilastings-Raydist meter is identical 
to’that of  the flightweight Radiation Technology Inc., unit developed 
by NASA/lISFC. 
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* .  

CONCLUSIONS . .  

Static seals no longer can be taken for granted, and-treated as insig- 
nificant components. 
tion as any other component in an engine system. 

They now must be given as much engineering evalua- 

Careful consideration must be given to all elenea-ks Within a static 
aeal joint; a succesaful design is one blending the attributes of flanges, 
threaded fasteners, and the seal itself. 

Of all the cryogenic seals evaluated thus far by Rocketdyne, the 
NAnM seal has been the most successful. 

Although the NAnM seal is capable of sealing hydrocarbon fuel joints, 
the gask-o-seal offers equal reliability at a lover cost and is less 
sensitive to flange surface imperfections. k 

The high temperature NAFLEX seal (i.e., copper or silver plated in lieu 
of Teflon), although not comparable in kealing performance to the cry- 
ogenic NAFLEX, is the most successful hot'gas seal yet evaluated by. 

' Rocketdyne. 

Definition of "zero" or minimum leakage requirements for a separable 
connector must be closely evaluated to balance the leakage hazards 
involved with ?;he cost and practicability of developzent, manufacture,' 
assembly, and quality control. 

. ,  
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’ Question: In your evaluation using the figure of merit ,  most elastomers 
“would assume a compression set; they will deform plastically. 
Your variable in this figure of meri t  equation is resilience, 
the ability of the material  to resume its  former shape. 
your evaluation of elastomer seals, did you use your initial 
load figure in the figure of mer i t  for the S-variable, or  did 

re  sili enc e ? 

The load used to squash the geal to make up the joint is the 
load we used, the initial one before it is chilled down. 

In 

. you have a compression set and then t r y  to measure the 

Answer: 

Question: So, i f  you use a second calculation, the figure might possibly 
be higher for most elastomers? 

Answer: Most elastomers do not have any recovery at  cryogenic 
temperatures. 

Question: After the initial load? 

4 
Anlwer: That is right. 

Question: So, the figure would then be higher, i f  you relaxed your 
load and applied i t  again, and took a second measurement of 
the recovery. 

# Q  

Answer: Possibly, yes. 

Question: Then you a r e  referring to the permanent se t  that might 
come f rom the first application of load. 

Answer: That is correct. 
I 

Comment: I think the use of the figure of meri t  i s  a very good 
device. However, I would like to suggest that you modify 
it. In using the factor S, the figure of mer i t  is directly 
proportional to the factor S, and it is based on the assump- 
tion that the seal must have some spring-back. However, 
some-of the seals  you have shown us do not function on the 
basis of elastic spring-back. If you were to modify factor 
S and evaluate it on the basis of the system that you back- 
off your connectors before you encounter leakage, then 
perhaps your figure of merit  would be a more accurate 
measure. As it is, you a r e  comparing an elastic seal that 
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does not depend on it; and, of course, the figure of meri t  
for the elastic seal is always going to be higher. 

Reply: Which seals did not have an elastic 'deflection? 

Comment: Well, the conical spring washer is not as dependent 
upon elastic spring-back because i t  is a radial seal. I 
think that, with any of the group of boss sea ls  that you 
mentioned, spring-back is a secondary factor. Elastomer 
seals a r e  also l e s s  dependent on spring-back, especially 
i f  you employ, as you have shown in your diagrams, an 
independent method of preloading your flange connection, so 
that the seal i s  actually acting independent of the ability of 
the flange to take operational loads. 

Reply: The seals that do not have much spring-back will 
cost you in weight i f  i t  takes a lot of bolt-loads to make up 
the joint and hold it rigidly. 

Comment: I did not mean that; in  using the figure of merit,  I 
think it would be a more accurate evaluation if  the factor 
S was changed to consider the distances of back-off before 
leakage is encountered. The w?~y the fact3r S is presently 
used, i t  i s  really anaccura te  evaluation for all of the fields 
that you have shown. 
fields and pressure actuated fields, but it is  not accurate 
for the other types. 

It is  accurate for spring-actuated 

Comment: I question the validity of using the figure of meri t  as 
stated, It seems that P, the pressure a t  leak, should 
enter as a high power since this i s  ce tainly the most im- 

should be a more portant consideration. Therefore, 
realistic form. In addition, i f  "zero eak" was defined as 
l o m 6  CC/sec/lin inch instead of 0.1 s.:im, the figure would 
apply to hydrogen systems. 
pressure  actuated seals would have a high figure if these 
changes were made. 

z 
-3- 

I question whether some of the 

Reply: 

Comment: 

I think that wocld gpread them even more. 

It depends on whether the seal, for instance a Naflex 
seal, could satisfy CC/sec. leakage criteria. 

Comment: The figure of merit,  as defined, is applicable only to a 
few types of seals and is not appropriate for  temperature 
energized seals, soqne other types of radially seated seals, 
o r  for all types of pressure energized seals. 
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The spring-back factor S attempts to account for 
ability to follow flange movements but does. not reflect 
the temperature induced radial spring deflections estab: 
lished in the inser t  ring and flange members  with the 
invar-elastomer temperature energized seal. To apply 
compression recovery of an elastomer at low temperature 
is incorrect, for this overlooks the basic principle of this 
class of seal. . High flange loading is not required. Nor- 
mal flange loads a r e  required t o  retain the pressure  end 
loads; l e s s  than 50 lb/l in in seats the seal (as with the 
Naflex seal.). 

In many instances, p ressure  energized seals improve 
as the pressure  is increased. 
of mer i t  does not provide for this. 

The tcPct  factor in the figure 
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1. o CANTILEVER-TYPE PRESSURE- EITERC-IZED SEALS 

1.1 Introdm t is 

INSTALLATION OF CANTILEVER-TYPE PRESSURE ENERGIZED SEAL 
Therefore, the e f f e c t  of the bolt load  on the seal i s  secondary. The bolt 
prc-load naed only bs sufficient t o  keep the flcnge faces-in contact under 
all loading condition4. 

t r e i n  

-L 

.ed 

- 
Free of 

Seal 
-s- 

The 8 e a l i o g ' ~ f  tho f l u i d  dspznds primrily on thz seal-to-flanzz sszling 
force. 
the eaal l i p  contacting thz flange i a  o f ten  covered with a sof tor  rateriel 
such ao Teflon. The plastic flow of t h i s  softsr mterial effects the seal. 
The ninimn sealin2 force required i a  dctarnined by tho propertisf of t h i s  
naterial . 

Ae the flcnge nnd m a l  are usually both ro;;de of a hi3h-stren5th m t a l ,  

An analysis is  needad to  dserains  the  m a l i n s  force chsrncteriscics f o ~  
varfouc~ typas or" p~essute-an3=3izjd.E~~~~. 
dssisne U K ~  a n s l i m 4  to d z t e n l n e  this daflectiorr, strexs, and S I Z I ~ ~ E ~  fozce, 
and t o  generate desbsn foamdas and e t h o d s .  
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1.2 

HR 
I C  
k 

a 
L 

P 
r 

'1 

'2 

r3 

RS 

R 

t 

X 

Y 

6D 
6 . r  
P 
Y 

tt 

Thickness of seal  l eg  

Free height of s e a l  

Restrained height of s e a l  

Area moment about the r a d i a l  centroidal  a x i s  

Axial distance'from s e a l  cen te r l ine  t o  outs ide 

Length of s e a l  leg 

Axial length of web 

Pressure 

Radius of seal 

Ins ide  radius of seal 

Inside radius of web 

Mean radius of seal  web 

Edge load o r  r eac t ive  load 

Sealing force 

Web thickness 

Length along beam ( s e a l  leg) 

transverse de f l ec t ion  

Di f f e ren t i a l  r a d i a l  motion of s e a l  l i p s  

Radial de f l ec t ion  

Coeff ic ient  of f r i c t i o n  

Poisson's r a t i o  

Maximum stress 

Angle 

. surface of s e a l  leg 

I 

inches 

inches 

inches 
4 i n  

inches 

inches 

inches 

p s i  

inches 

inches 

inches 

inches 

lb / in  

lb / in  

inches 

inches 

inches 

inches 

inches 

43 

p s i  

radians 
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1 . 3  Design of Sea ls  

Three general  types o f  pressure-energized s e a l s  are analyzed and 
discussed i n  t h i s  sec t ion .  For each type of seal considered, a design 
procedure, design equations, and curves f o r  a typ ica l  s e a l  showing the  
s e a l ’ s  c h a r a c t e r i s t i c s  are presented. The ana lys i s  f o r  each seal is given 
i n  the  appendix,Section 51.5,of R e f .  1. I n  addition t o  the design equations, 
included i n  the appendix o f  Ref. 1 are t he  equations for  t s e a l  l eg  def lec-  
tion and s t r e s s ,  and the  seal- t o -  flange sea l ing  force. 

The - sea l  cross-section, as shown below, cons i s t s  of a web and two 
legs  with a small l i p  on the  end of each l e g .  
dimensions a r e  usua l ly  much smaller than the in s ide  radius of the s e a l ,  and 
the seal  legs are much more f l e x i b l e  than the web. Therefore, the  s e a l  is 
analyzed as three  separa te  part s :  Two i d e n t i c a l  legs  and the  web. The 
web designs considered are represented by one mode1,and the legs  are repre- 
sented by three  d i f f e r e n t  models: 

A l l  of the c ross -sec t iona l  

1. Seal  with S t r a i g h t  Leg of Constant Width (Section 1.3.1) 

2. Seal with S t r a i g h t  Leg of Linezrly Varying Thickness 
(Section 1.3.2) 

Sea l  with S t r a i g h t  Leg of Constant Width without Lip 3, 
(Section 1.3.3) 

f 

, 
(Possibly Teflon) 
Sealing Materia 

FIGURE 1.2 
(I 

IO 2 

Cross-section of Cantilever Type Pressur? 
Energized Seal 



The c h a r a c t e r i s t i c s  of each of these models have been analyzed and with 
the use of t yp ica l  dimensions a r e  i l l u s t r a t e d  i n  Section.1.3.6. Based on 
the needs of a p a r t i c u l a r  application, one of the s e a l  l eg  designs may be 
chosen by a comparison of t h e i r  cha rac t e r i s t i c s .  

The chosen s e a l  configuration may then be designed by using the design 
procedures as out l ined i n  t h i s  sect ion.  In each case i t  i s  assumed t h a t  
the s e a l  body rcaterial 2nd i t s  propert ies ,  the required seal ing force,  the 
nraximum allowable s t r e s s ,  and the  in s ide  s e a l  radius a r e  known. The s e a l  
body materials used a r e  usually s t e e l  or aluminum f o r  t h e i r  s t r u c t u r a l  
propert ies ,  provided they a r e  compatible with the f l u i d  contained. I n  any 
case the material could be specif ied and i t s  modulus of e l a s t i c i t y  and 
Poisson's r a t i o  e i t h e r  known o r  readi ly  determined. 
force i s  determined from a consideration of the flange faces, seal ing 
material on the s e a l  l i p ,  and pressure and propert ies  of the retained f lu id .  
The method of determining t h i s  s ea l ing  force i s  discussed i n  Volume 3 of 
Ref. 1. The maximum allowable s t r e s s  is  determined by the designer 
based on the s e a l  mater ia l  and appl icat ion.  The inside radius of the s e a l  
is usual ly  s l i g h t l y  l a rge r  than the in s ide  radius of the pipe and depends 
primarily on the flange design. The s e a l  leg design i s  based on the above 
considerations.  

The required sea l ing  

The s e a l  web i s  primarily a s t r u c t u r a l  member, but i t  e l s o  has a d i r e c t  
e f f ec t  on the sea l ing  a b i l i t i e s  of the s e a l .  Radial motion between the 
s e a l  l i p  and flange face w i l l  break a s e a l  effdcted between the l i p  and 

- flange and may cause leakage. Therefore, i n  the s e a l  web design, consid- 
e ra t ion  is  given t o  the r t d i a l  growth of the s e a l  due t o  i n t e r n a l  pressure 
and d i f f e r e n t i a l  thermal growth of the flanges and s e a l .  The s e a l  i s  not 
as s t i f f  as the flanges and w i l l  tend t o  grow more r a d i a l l y  when pressurized. 
Relative motion between the s e a l  and flange m2y r e s u l t  from,different 
amounts of thermal expansion of the s e a l  and flange, a n d . i t  may occur due 
t o  a d i f f e r e n t i a l  thermal growth o f  the flanges. I f  one flange grows more 
than the other,  the s e a l  w i l l  have t o  r o t a t e  about an axis  normal t o  i t s  
cross-section, Figure 1.2,  i n  order t o  follow t h e  motion of the flanges. 
Otherwise the s e a l  l i p  must s l i p  on the flange face. 

Making the seal  and flange of the same mater ia l  w i l l  tend t o  eliminate 
the problem of d i f f e r e n t i a l  thermal.expansion of  the s e a l  and flange. 
However, during thermal t r ans i en t s  there is s t i l l  the p o s s i b i l i t y  of the 
seal and flange being a t  d i f f e r e n t  temperatures. 
decrease the  d i f f e r e n t i a l  r a d i a l  growth of the seal and flange due t o  
i n t e r n a l  pressure,  but w i l l  a l s o  make the seal cross-section more d i f f i c u l t  
t o  r o t a t e  about i t s  own axis .  Therefore, the web design is a balance 
between the need t o  l i m i t  the  growth due t o  pressure and the a b i l i t y  t o  
accomodate the flange motion. Also, consideration should be given t o  the 
design of the recess i n  the flange face. I t  is  possible t o  l i m i t  the 
r a d i a l  motion of the seal  by using the flange recess as a backing t o  the 
seal web. 

A s t i f f e r  s e a l  web w i l l .  

! 
The depth of the flange recess where the s e a l  s i ts ,  s ee  Figure 1.1, 

10 3 



i s  one of the pr ine f ac to r s  deternining the s2al ing force. A s  shown i n  the 
f igure,  i f  the r e s t r a ined  height of the seal, HRj is  l e s s  than the f r e e  
height of t he  seal, HFJ the  s e a l  i s  a x i a l l y  compressed. 
pression is  e s s e n t i a l  when i n s t a l l i n g  the seal  i n  order t o  insure seat ing 
the seal  and preventing leakage a t  low pressures. A s  an a x i a l  t e n s i l e  
load i s  applied t o  the flanged j o i n t ,  the flanges w i l l  separate  and !he 
r e s t r a ined  height of the s e a l  increases.  I f  t h i s  t e n s i l e  load i s  applied 
p r i o r  t o  the pressurizat ion of the j o i n t ,  i t  i s  important t h a t  the rest rained 
height remains l e s s  than the f r e e  height , 'o therwise the seal  w i l l  separate 
from the flange. I f  the flanged j o i n t  i s  pressurized as the t e n s i l e  load i s  
applied, the pressure w i l l  force the s e a l  leg t o  follow the flange separation. 
I n  t h i s  case, i t  i s  important t o  match the seal- leg def lect ion c h a r a c t e r i s t i c s  
t o  tfiose of the flanges so tha t  the required seal ing force i s  maintained, 
A decrease i n  the sea l ing  force may cause leakage, and an increase nay cause 
damage t o  the sea l ing  mater ia l  on the seal l i p .  I n  t h i s  sect ion the r e s t r a ined  
height of the seal i s  assumed known. 
height comes from the load-deflection analysis of the flanged j o i n t .  Each 
type of flanged j o i n t  may require a d i f f e ren t  ana ly t i ca l  approach. 
i n  Ref. 1 are analyses of some design examples i l l u s t r a t i n g  d i f f e ren t  
approaches, Section 13. Then the s e a l  leg i t s e l f  can be designed on the 
assumption t h a t  the flange face is  f l a t .  I f  the s o f t  material coating were 
not used, i t  would be necessary t o  deform the  seal  l i p  p l a s t i c a l l y  o r  t o  
deform the s e a l  leg t o  follow the contour of the asperi ty .  

This a x i a l  con- 

The determination of the r e s t r a ined  

Included 

The seal leg cross-section shown i n  Figure 1 . 2  indicates  t h a t  the s e a l  
Also, i n  some s e a l  &signs the s e a l  leg is a l e g  is a c i r c u l a r  f l a t  plate .  

conical s h e l l .  However, in most s e a l  leg designs the leg length is  s u f f i c i e n t l y  
smaller than the in s ide  radius t o  analyze the leg as a beam. This procedure * 

is used i n  t h i s  report ,  but not without j u s t i f i c a t i o n .  A set of curves a r e  
included i n  Ref. 1 showing the e r r o r  incurred by applying beam theory t o  a 
p a r t i c u l a r  s e a l  leg. These e r ro r s  a r e  generally negl igible  for, design 
purposes. 
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1.3.1 Seal  with S t r a i g h t  Leg of Constant Width 

-- 

SEAL CROSS-SECTION 

. The l eg  is analyzed a3 '8 .8ui l t - in  beam of length, a, loaded by a 
uniform load p andideflect,ed a distance y j  by a t a ixp le  suppor!. 

and r e s t r a lnzd  height, . y is the difference b e t w e n  the f r e s  height,  
T i e  analysis determining tha equations f o r  t h E k g  de f l ec t ion  and s t r e s ses ,  
and the.sealf;ngforce, Rs, is i n  thenppendix, Section 51.5.1 of Ref. 1. 

The d i m i s i o n s  for tha cross-section ara deteminec! fro? the d e s i p  
equations of qection 51.5.1. Having determined the modulus of elas- 
t i c i t y , '  Poisson's ratio, the m i n i m u m  sea l ing  force and maximum allowable 
stress, s e l e c t  one o r  wre reasoneble values of the length t o  thickness r a t io ,  
a/h, and ca l cu la t e  yQ from equation (1). 

2 

The distance 

XR 

ya= - ( 4 R s / E )  (1-v ) (a/hI3 . I  ( 1) 

. I  

Calculate 4 from equation (2) 

( 2) 
a- 

Choose the most reasonable values of h and 4 using desi@ j u d p e n t .  

If the s e a l  l e g  i s  a t  on angle 4 t o  the flange face, see Fig. 1.4, 
equation (1) :changes to t& fo.llowing: 



FIGUKE 1.4 .Seal L - 3 L  

The %?ab desi@ f o r m l a 8  are givaa i n  Sec. 51.5.fc  of Ref. 1. The we5 

The T?& thickness should be 
It 

length i o  chomn a8 short OS poosible conaiatent with the overall structural 
requiremnnta of the seal, oee Section 1.304.  
equal to or greater than the l e g  th~c'mess at the ,y?b end o f  the l eg ,  
mat also be equal to 01 larger than the thickasas calculated using equation 
( 5 1, r3 is the mean web radius.  
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. .  
1*3*2 Sea.1 With Straight Leg of Linearly Vazying Tnheknean. 

'I' 77 *,.& 
Fig. 1.5 

TAPERED SEAL LEG 

AB in gect ion 1.3.1, the seal leg i a  enalyzed a8 a built-in been loaded 
by a uni fom pressyre load p and deflected a diatcnce'y, by 8 siicpl", support. 
The leg deflection end streaa, scaling force s n d , d e o i p  equatiana.are 
derived ,in the appendix, Se i t ion  51-5.2 of  Ref. 1. 

The Cicaiga nstkod begin0 with the specification of thn, naoduluo of . 
elast ic i ty ,  Poiason' 8 ratio, minimuin ticalin% forco and ux%&p& .allotrable 
stress. 
minimm scaling force ,  R8, is given by equtltion (6) .. 

The initial deflection of the scaling end, y@,# required to give the 
Z Q  

3 - 2 log (1 .I. bJ/a) bi(2s + 3b4) 
(a + ba)2 

dRs 
Yo' Zb3 

SubetitutFng equation (6) directly into tfia equetionz for the 
mximru bending alrass r e s u l t s  i n  a re la t ionship  r e l a t i n g  a, b, and a .  
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* .  

This is tog, coiqlex. t o  solve i n  general  t e r n  f o r  e i t h e r  a;b. o r  a .  
To nzke the  equation &re t r ac t ab le ,  assume a value f o r  the l eg  thickness 
at both ends, a and h E' 

L 

Another r e l a t i o n  between b and .8 i o  obtained fron' the above equation which, 
__ may be Solved f o r  b. . .  

b = (ha - a>/B ( 8 )  

Subs t i t u t ion  of values of a and h r e d w s s  equation (7) by al1o:dng P numerical evaluation of the n a t u r a l  loiclr i thn term. Further subs t i t u t ion  
of 'equation ( 8 )  
(7) t o  8 polynomial i n  4.  
can be deternined from equation (8). 

f o r  b and a l l  the other  knorm paromtera  raduceo equntion 
Thie equation can then be solved f o r  E and b 

The calculated valueo a y  be unreasonable, i n  which cc3e other values 

Any cslculeted 
should be t r i e d  f o r  a and h . 
spec i f i ed  and calculated fo& chosen values of a, b, and a .  
valun of u l e s s  than the mmimrn alloxable i s  accepte3le. 

As an a l t e r n a t e  procedsre, urnmay be un- 

m 

The web design i s  thz same as t h a t  f o r  the case described i n  Section 
1.3.1. See alao Section 1.3.4.  
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1.3.3 Sea l  with S t r n i a h t  Leg of Coastant TJidth Vithout L i p  

The, seal is s i m i l a r  t o  the  s e a l  deocribed i n  Sect ion 1 .3 .1  except 
The seal i a  e f f zc t ed  betwetn there  is no 152. a t  the  end-of  the seal  legs.  

the  s e d  l eg  end flange face. As the leg i s  usua l ly  a t  Q smll angle t o  the 
f lange face,  decreasing the r e s t r a inad  height ,  %,' of the  e e a l  or increasing 
the i n t e r m 1  p reawre ,  p, c a u ~ e s  thn, po in t  of s ea l ing  t o  move c lose r  t o  the 
s e a l  web, see Figure 1 .6 .  

As in .Sec t ions  1 .3 .1  and 1 .3 .2  the s e a l  l eg  i s  malyeed  as a 
b u i l t - i n  beam. 
pression. 
and moments must be zero. Therefore, the end moment on the other  s ec t ion  of 
the  leg ( x  = 0 t o  a ) must be zero and the end shear  i s  only d w  t o  the 
reac t ion  of the flange face,  R . This means the sea l ing  between the s e a l  
and flange is e f f ec t ed  only along the l i n e  of contact  ( i n t o  the  paper on 
Figure 1.6) 
Sect ion 51.5.3 of Ref. 1. 

The por t ion  of the leg from X = ai t o  4 i s  i n  s i n p l e  COT.- 

A free-body diagram of t h i s  s ec t ion  shows t h a t  the end shears  

i 
S 

a t  1,. For fu r the r  information on the s e a l  c h a r a c t e r i s t i c s  see  

Unloaded 

k 
-- 

Loaded 
1 

Fla 
- 

nge F 'ace 

4 Y 

FIGURE 1 . 6  

Cross-section of Sea l  with S t r a i g h t  Leg 
of Constant Width Without Lip 

The design of  the s e a l  begins with a choice of material and dater-  
The web design i s  the mination of the minimum sea l ing  force,  Ro, required. 

same as t h a t  for the  seal  described i n  Sect ion 1.3.1 and is discussed i n  
Sect ion 1.3.4. 
s e l e c t i o n  of the lengths H , k, and y,. 
-Length required 'using egusfion (8) . 

The leg  design is an i t e r a t i v e  procedure beginning with the 
Then ca l cu la t e  the minimum leg  
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This is the a c t i v e  l e g  lerrgth k? when the i n t e r n a l  pressure i s  zcro. 
the  l eg  l engrh  is grea te r ,  than 3 
t h s  flange fece a t  ~ssein3ly .  

Unless 
the s e a l  l e g  w i l l  not e f f e c t  R sen1 with 

0 

* .  
Next ca l cu la t e  the  s e a l  l,q thickness h. 

Then ca lcu la t e  the minimum ac t ive  leg length a,. 

This i s  the ac t ive  l e g  leilgth when the  i n t e r n e l  pressure i s  a maxirnmn 
If the ca lcu la ted  dimensions do not cons t i t u t e  an acceptable design, choose 
o ther  values of H , k endPA and repeat  the  ca lcu la t ions  u n t i l  an acceptable 
design i s  obtaineg. Where H number of i t e r a t i o n s  a r e  -required, 02; a number 
of s e a l s  a r e  t o  be des igned , i t  is suggested t h a t  curves be p lo t t ed  fo r  
equations (8) , (9) , and (10). 
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* .  

1 .3 .4  Radial Kotion of t he  S e a l  L i p  

As a separa te  design problem, the r a d i a l  not ion of 'the seal l i p  due 
t o  i n t e r m 1  pressure and the r o t a t i o n  of the seal sec t ion  is  comiderad i n  
t h i s  sec t ion .  
configurat ion and are ,  therefore ,  no t  included a s  p a r t  of the  design 
considerat ion of a s p e c i f i c  leg.  

Both problems m y  be considered i r r e spec t ive  of the l eg  

- 

Eqch of the seals co is i6ered  i s  lqed5-d by a r a d i a l  forco prcportional 
t o  the i n t e r n a l  pressure and i n t e r m 1  s e a l  a rea .  
s e a l  i s  g rea t e r  t h m z t h z t  of tha adjacent f langes because of its much lowar 
s t i - f fness .  
therefore  the  s e a l  r e d i a l  growth may be taken a s  the r e a i h ~ i g k ~ ~ ~ i . . B f j t h e . . g c a l  
r e l a t i v e  t o  tha flange fsce. 
prevent the  fonnfng of a good s e a l  and cause l e a k q e .  
there  is some minimum allowable value f o r  which 1eakag.a w i l l  no t  occur. 

The radial  giio3th of the 

It is  assusced t h a t  the flanges are r i g i d  corqared t o  t h s  seal and 

T h i s  r e l e t i v a  r a d i a l  m t i o n  of the s e a l  l i p  m y  
1t .h  probable t h a t  

The r e d i a l  de f l ec t ion  0% the seal d w  t o  internel prewmra, i s  d, a ter- 
mined i n  Sec, 51.5.5 of Ref. 1. The analys is  leads t o  an equation which 
sets an upper l i m i t  on the  web length L. 
completed, a l l  of the  parameters except the alloweble r a d i a l  dahonat ion ,  8 , 
w i l l  have bzen determined. This p a r m e t e r  w i l l  be d e t e d n s d  from t e s t s  a d  
experience. 

When the l e g  design has been 

Aizot'ncr came of r e l a t i v e  w t i o n  batwain ths 8231 l i p  aa3 f lange face 
is any d i f f e r e n t i a l  radial gzowth of tha f lanze  faces .  
tenqerature-dietribution or the  use of dissisrdlar n3taI.s in tha  f l anse  faces  
w i l l  r e s u l t  in .8  differmtisl rad,iel gro::th of thz f l a q - .  fe?c?s. Tnz r e o u l t  
i a  a mmmt..applied t o  the  seal by forces  ac t ing  a t  thz  saal l i p s .  These 
forces  are equal t o  the  coe f f i c i en t  of f r i c t i o n  times the normal sea l ing  force,  
Therefora, as the d i f f e r e n t i a l  r a d i a l  growth of tho f lange faces  increases, 
the forces  required t o  t w i s t  the  8 ~ 1 1  increase and a point: is reached where 
tha f r i c t i o n a l  couple i a  unable t o  fu r the r  twis t  the sea l .  
seal l i p  must s l i p  on the f lange face  and leakege may occur.  

A non-wifano 

I Rs 

A t  this  point  the 

The sequmce o f  .design calculat ionn assurn28 design of t h s  aeal  l e g  
p r i o r  t o  the  wsb, 
of t he  seal is considered. 
of t he  f langes and detcrrtiiiied the maximum allowable r e l a t i v e  czotion between 
the  seal l i p  and f lange face  from tests and experience, the  d i f f e r e n t i a l  
r a d i a l  motion of the seal l i p s ,  CSD, may then be ca lcu la ted .  
least as l a r g e  as the 'd i f f e rence  betweew the d i f f e r e n t i a l  r a d i a l  growth of the  
f&inges arid the  maximum relative u s t i o n  betveen the  s e a l  l i p  and f l ange  face.  
Then the  des i red  t o t a l  area moment of the  seal sec t ion  may be ca lcu la ted  from 
equation (12) . 

Therefore, i n  designing the - a b  the  r o t a t i o n a l  r i g i d i t y  
Having ca lcu la ted  the d i f f e r e n t i a l  r a d i a l  grovth 

OsD riiust be a t  
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This 18 the sun of the area mz12nts 05 t h  seal legs and web. 
as the square of the u2b lenzth, L, it may be poasiblc to achieve thz  desired 
I, by only verifying L. 

ferantlal otraaz and ths nawivslum i o  e t  the uppzr and l o x x  oeal ~rarface~, 

As I, varies 

The w,ir,a.il bending nt r .2~3 d u  t o  tk.2 q p l i z d  coc?la io a ci~cuc- 

%' 

Othsr d o n i p  epprooshe3 arIt pogalble usla3 thz equstiono in t h z  
aapandix, Sactian 51,5,6 of Ref, 1. 
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1.3,5 Sumary of Seal  Charac t e r i s t i c s  

Pressure energized s e a l s  may be gruuped accordin3 t o  the shape of 
the  s e a l  leg. Three major types have b e m  qonsfdered. 

1. Seal  with S t r a igh t  Leg of Constant Width 
Sect ion 1.3.1 

2. Seal  v i t h  S t r a igh t  L;?g of Lirrsarly Varying Width 
Sect ion 1.3.2 

3. Seal with S t r a i g h t  L53 of Constant Width Without Lip 
. Sect ion 1.3.3 

The s e a l  web ie wually a r ing  which i o  much s t i f f e r  than th? oeal  leg.  
fo re ,  the seal lega and the web hsvo bsen considered separa ta ly .  

Biore- 

Of p a r t i c u l a r  importarics in tha dzsign of pr28ourc cfiergizzd soaln  
is the  sea l ing  force obtained ae a funct ion of tho i n t a r n z l  prcseuro,  
the maximum etreo8 i n  the 8 @ ~ l  l e g  is  important. Both of thcoe pa ramtor s  
have been ca lcu ln tad  a9 e funct ion of pressure f o r  tho t h z m  types of s c a l  
lega. The r s s u l t a  are included i n  Sec; ' 51.5.9 of  Ref. 1 f o r  
each type of seal l e g  and e r e  o u m r i z e d  i n  t h i s  sec t ion .  Typical sen1 . 
d imns ions  were choocn.. Most of the d i ~ s n a i o n a , ~ f o r  the thrae types of oesla 
considered a r e  i d e n t i c a l  and the other6 ar8 equivalent .  
possible  t o  compare thk seal l e g  cha rac t e r i a t i c s  d i r e c t l y .  

The curve8 of sca l ing  force vorsus prcaEiur@, Big. 1.7; show that 

Aloo, 

This mkes ' it 

' 

the s lopes of tha constant width seal l egs  are th3 6 . 2 ~ ~  with o r  without the 
l i p  and a re  otdbper than t h a t  f o r  tha taparad l e g . ,  Also, r'roWPig, 1.8 
i t  is seen t h a t  the  slops of the curva f o r  a tapered log is a funct ion of 
the  teper .  Tha curves a l s o  show t h a t  thz i n i t i a l  s ea l ing  forco (p = 0 p s i )  
is higher  f o r  the tapered le3 and a funct ion of the taper .  !the a b i l i t y  t o  
vary the i n i t i a l  s ea l ing  force and slope of the curve in tha case of a seal  
with a tapered leg is a des i r ab le  f ac to r  i n  seal design. Another f a c t o r  i n  
favor  of the tapered l e g  is t h a t  the s t r e s s e s  are  lower, Fig. 1 .7 .  

The s e a l  web is  p r i m r i l y  a s t r u c t u r a l  mercber and does not  d i r e c t l y  
a f f e c t  the sea l ing  proper t ies  of t'nc seal. 
a r e  i n d i r e c t l y  a f fec ted .  
r a d i a l  displacement of the s e a l  l i p  when pressure is applied.  
r a d i a l  motion of the  s e a l  l i p  r e l a t i v e  t o  the f lange face  may cause leakage. 
Also, the web mst not be too r i g i d  so t h a t  the s e a l  may r o t a t e  and allow 
f o r  d i f f e r e n t i a l  r a d i a l  motion of the f lange faces  without s l ippage.  I f  the 
s e a l  is s t i f f  i n  r o t a t i o n  of its cross-sect ion the f r i c t i o n a l  couple f ron  the 
f lange faces  w i l l  not be . la rge  enough t o  r o t a t e  the s e a l  and tho s e a l  l i p  
must s l i d e  on the flange face.  This s l ippage may cause leakage. 

Rovzver, tSe sea l ing  proper t ies  
The web must be s u f f i c i e n t l y  r i g i d  t o  l i m i t  the 

Excess€ve 

The r ad ia l  growth of a pressure energized s e a l  a s  a funct ion of 
i n t e r n a l  pressure and ins ide  radius  is given i n  Fig.  1 .9 .  
configurat ion and dimensions of case 2 were w e d .  The web a x i a l  length was 
taken a s  one-half tha l e g  length,  and the web thickness was ca lcu la ted  based 

The seal l e g  
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1.5 Conclusions 
. .  

A pressure-energized s t a t i c  seal  may be chosen and designed csing the  
formulas and procedures i n  t h i s  sect ion.  The desired seel ing-force char- 
a c t e r i s t i c s  and gross  flange de fo rmt ion  must be knom. Th93e ore  determined 
frcma considerat ion of the f lange face Eurfece end seal l i p  cost ing,  and zn 
ana lys i s  of the  comylete flanged j o i n t  or,d pipe. 
chosen by making a c o q a r i s o n  of the o z a l  fep, chnracter i t i t ics  wi t ? ;  the  re- 
quired c h a r a c t e r i s t i c s ,  
design forrculss given in th io  sect ion.  

end is the  bes t  design of thoss  considered. 
change the s lope of the sealing-force-veraus-pressure cunte by chenging the 
leg taper. 
case of the  tapered 'leg. 
without a l i p  on the sea l ing  end, han no edvnntages in i ts  sealing-force 
c h a r a c t e r i s t i c s  end has l e se  adventegeous s t r e s s  cha rac t e r i s t i c s .  

Thg type of seal l eg  i s  

Then the seal  l e g  and web a r e  de t a i l ed  using the 

The s e a l  leg with a l i n e a r l y  varying thickness and a lip on the sea l ing  
This i s  due t o  the a b i l i t y  t o  

The uniform-thicknese s e a l  leg  with a l i p  on thne end is a special 
The o ther  case considered, uniform-thickness l eg  

The r a d i a l  motion of the s e a l  l i p  may be a cause of leakage. From 
a considerat ion of the f lange face and s e a l  coat ing wter ia1, izn allowable 
m i m m  r a d i a l  motion of the seal  l i p  r e l a t i v e  t o  the flanGe face i s  deter-  

The seal wab dirensions KSY then be chosen t o  l i m i t  the . rad ia1  seal 
growth dce to  i n t e r n a l  pressure.  I f  the web dimensions becone too l a r g q i t  
mnay be neceseary t o  l i m i t  the r a d i a l  growth w i t b a  back-up r i n g . o r  the  flange 
recesa.  S t i f f en ing  the s e a l  web to l i m i t  the r a d i a l  r a t i o n  due t o  interni l l  
preesure w i l t  l i m i t  thz  seol'a a b i l i t y  t o  c o q l y  with d i f f e r e n t i a l  r a d i a l  
growth of the f l a p  faces .  I n  order  t o  prevent r e l e t i v e  motion of the s e a l  
l i p  with respect  t o  the flange face whert there  is d i f f e r e n t i a l  r a d i a l  growth 
o f  the flange faces ,  the s e a l  cross-sect ion must r o t a t e  about l,fs centroid.  
I f  the s e a l  is too s t i f f  i n  ro t a t ion ,  the f r i c t i o n a l  couple applied by the 
f lange  faces w i l l  be too mall t o  r o t a t e  the s e a l ,  end s l ippage w i l l  occur. 
E i t h e r  type of s l ippage of the see1 l i p  on the flange face is a poss ib le  

.wined. 

' cause of leabage. . 

The a b i l i t y  of a seal  t o  comply with a small r a d i a l  s c ra t ch  i n  the 
f l ange  sur face  w i l l  depend on the s e a l  l i p  coating. The increase i n  i n t e r n a l  
pressure  needed ta maintain the m i n i m u m  sea l ing  force i n  the bottom of the 
s c r a t c h  by deforming the s e a l  l eg  is extremely la rge  even fo r  a sc ra t ch  whose 
d d t h  is equal t o  the  length of the  s e a l  leg. It  is  possible  t o  make the 
seal l e g  comply with gradual f lange face i r r e g u l a r i t i e s  such as f lange war- 
page, but  small sharp i r r e g u l a r i t i e s  requi re  the use of a soft coat ing on 
the s e a l  l i p .  

The use of beam theory t o  analyze the seal components t h a t  a r e  more 
c l o s e l y  approximated by a c i r c u l a r  p l a t e  o r  conical  s h e l l  was j u s t i f i e d  i n  
Reference 1, Sect ion 51.5.8. Calculat ions of the sea l ing  force  were made 
using beam theory, plate  theory and ' she l l  theory. Curves of the e r r o r  using 
b e a m  theory ins tead  of p l a t e  theory show t h a t  the e r r o r  is l e s s  than ten per- 
tent f o r  a r a t i o  of outs ide radius  t o  ins ide  radius of 1.2 or less. The 
CUTVIS of the  e r r o r  using bean theory instead of s h e l l  theory shov t h a t  the 
e r r o r  is less than ten  percent  f o r  a radius r a t i o  of 1.15 o r  less end 
ang le  of 15 degrces'or less. The e r ro r , i nc rcases  more rap id ly  as the angle 
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2.0 HOLLOW METALLIC O-RINGS 

2 . 1  Introduct ion 

Meta l l ic  O-rings have been used extensively as s ta t ic  seals under 
extreme temgerature and pressure condi t ions.  
formed i n t o  r ings  by welding the  ttr.3 ends toge th2r . -  A spacer o r  recessed 
flairge niu3t: ba w e d  t o  l i m i t  &:he c o q r e s s i o n  of the O - r h g .  
is assenfiled, tha O-ring is oqurzzed t o  the  des i red  thickness  and a l so  expands 
r a d i a l l y  so thar: i t  is t i g h t  agA2ns.t: the  back-up mterial provided by the  
spacer or  tha  flenge. Thz O-ring is  of t en  coatsd wi th  8 n z t e r i a l  such a s  
Teflon. or s i l v e r  t h a t  can florr i n t o  the  a s p s i t i e s  of tha f lange  and make a 
l eak- t igh t  j o i n t .  

They are rmde of netal tubing 

I~EII. t h  connectoz 

There 81s three bas ic  typas of O-rings; t h s  d i f fe rence  i n  t h e i r  
conatruct ion is evident from the  following f i w r e ;  . 

9 2cio22ki Ms t a 1 1 I C  
O-ring 

FEGUfiE 2 .1 .  Tnsce 

The standard O-ring is thz m o s t  

Premur e-Fil Zcd ?r2e3u=;’a Err3rgiz:sd 
O-ring O-ring 

Coimon Typea of Nats l l ic  O-ring 

c o n o n  of th5 threz.  The eeol ing force  is 
derived from the isitial c o q r e s a i o n  and maintained by tit2 r e s i l i e n c y  of 
hhe O-ring. 
may bacms l a r g e r  than the  sea l ing  e t r e s s .  
cause t he  O-ring to  buckle. 
i n e r t  gas e t  usual ly  aborit 600 psi. 
and t igh tens  the seal, while a t  low temparature it has the  rever3e e f f e c t .  
Because of  the  enclosed ga3, the preanurs - f i l l ed  O-ring Can withstand higber  
pressure before buckling would occur. 
d r i l l e d  in the  tuba wall, and the  prescure inside the  r i n g  is thz  s = m  as 
the  pressure  i n  the  system; therefore , the  higher t h e  pressure  i n  the system, 
t h e  g rea t e r  is t he  sea l ing  force.  
120 

At high preneurce the re  i o  the  danger t h a t  the i n t e r n a l  pressure  
Furthermore, t he  high pressure may 

The p reasu re - f i l l ed  O-ring i e  f i l l e d  with an 
Aif: high temperature t h i s  gas expznde 

The preaeure-energized O-ring has holes  



A general  e l a s t i c  ana lys i s  of O-rings is given iq. Ref, 1. T h i s  
i s  not only a p r e r e q u i s i t e  t o  a w r e  general  e l e s t i c - p l a s t i c  ana lys i s  but a l s o  
y i e lds  sone usefu l  informstion which i s  appl icable  desp i t e  the  presence of  
p l a s t i c  deformation i n  the  p r a c t i c a l  appl ica t ion  of O-rings. 
conclusions are: 

Among the  

(1) Within the  e l a s t i c  theory, a l l  th ree  types of O-rings behave 
s imi l a r ly .  
energizing e f f e c t .  

I n  p a r t i c u l a q t h e y  a l l  msy h272 the  sane pressure-  

(2) The use of a re ta in ing  r i n g  o r  o the r  mechanical back-up i s  
des i r ab le  because i t  increases  the pressure-energizing e f f e c t  
considerably.  

O-rings' cur ren t ly  i n  use a re  q r e p e d  t o  such an ex ten t  t h a t  l a rge  
permanent deformation occurs.  Because of the p l a s t i c i t y  and la rge  deformation 
e f f e c t , s  t h e o r e t i c a l  analyois  of the  O-ring behavior becarnes e x t r a e l y  d i f -  
f i c u l t .  
p l a s t i c  behavior of O-rings are given in Sect ion 2,L-  
include 

Based on very much s impl i f ied  a s s u q t i o n s ,  sone coneiderat ions of t he  
The r e s u l t s  o b t a i m d  

(1) A conservat ive es t imate  of  the sea l ing  force .  

2 - 2  

(2) An es t imate  of t he  decrease of &he sea l ing  force when the  
f lengee tend to  separa te  aa a r e s u l t  of d i f f e r e n t i a l  thermal 
e-xpanaion, ex terna l  loads, e t c ,  

(3) An estimate of t h e  area of  contact: between the O-ring and 
the  f lange ,  

B 

Sumary of- the  Reaults of E l a s t i c  Analysis of O-rings 

One of the primery requirements of face  s e a l s  such as me ta l l i c  O-rings 
is t o  maintain s u f f i c i e n t  s ea l ing  pressure  between the  O-ring and the  f lange 
surfaces .  In  order  t o  f ind  out  the  v a r i a t i o n  of s ea l ing  pressure wi th  t h e  
b o l t  load, the  i n t e r n a l  and ex te rna l  preseure,  and so for th ,  we need t o  know 
the  load-deflect ion r e l a t i o n s .  The de f l ec t ion  p a r a m t e r s  of i q o r t a n c e  a r e  
t h e  shortening of v e r t i c a l  diameter of the  tuba 6, and the increase  of the 
ou t s ide  diameter o f  t h e  O-ring 6s. Th.s e l a s t i c  load-def lec t ion  r e l a t i o n s  
for t he  four baoic types of loading are obtained i n  Sect ion 52.4 of  R e f .  
are summarized as follows: 

1 and  

F (lb/ i n )  

FIGURE 2 2 Axial Load 

12 1 



= Spring constant of ths O-ring (14) 
F D 

%r 

FIGURE 2 . 3  Radial Load 

R Eh/a 
BH 
- a m -  

") 0 .318  + 2 / (1  + 14/p2) 

1 6  

, 

.*( 18) 
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I I 

2 P (lb/ i n  ) 

I - 
2 

FIGURE 52.5 Pressure Load on E n t i r e  Cross-Section 

P - Eh - a  

'v 2b2(1 - V / 2 )  

P Eh 
sH ab(1  - 2v) 
- =  

= bending r i g i d i t y  

p2 =.12(1 - v ) b  2 2  /ah 

h = wal l  thickness  

E = Young's modulus 

. v = Poisson's r a t i o  

m = Jm 

h 

The way i n  which these four  typea of loading can 
the  t o t a l  load f o r  each type of O-ring is i l l u s t r a t e d  by 
Section 2.3. 

In t h e  above load-deflect ion r e l a t i o n s  p appears 

1 

, 
be coEbined t o  represent  
t he  examples of 

a s  an important _. 

parameter. The physical  s ign i f icance  of p is discussed i n  Ref. 1. For 
most O-rings, p i s  small. 
load-deflect ion r e l a t ions ,  Eq. ( 1 4 )  is of primary inportanee s ince  i t  gives t he  
spr ing  const+nt of the  O-ring. 

Our r e s u l t s  %e r e s t r i c t e d  t o  p240. Among' these 

In  addi t ion  t o  the load-deflect ion r e l a t ione ,  we would also l i k e  t o  
know the  e t r e s s e s . i n  the  r i n g  under load so t h a t  overs t ress ing  does not  occur. 
The s t r e s e  and moment r e s u l t a n t s  under the  four bas i c  loadings a r e  given i n '  
Section 52.4  of Ref. 1. 
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2,3 

sec t ion  

I l l u s t r a t i v e  E X ~ ~ J I  

We s h a l l  i l l u s t r a t e  t he  appl ice t ion  of the  r e s u l t s  of  the  preceding 
by consider ing O-rings of t h e  following a izes :  

(1) 5 O.D. x 1/4 x 0.012 wall, type 321 s t a i n l e s s  steel 
72)20'0.1). x l / 4  x 0.012 wall, typ; 321 s t a in l eoo  steel 

The parameter . 

.. p2 = 12(1 - V 2 )  @*/ah)* 

2.96 (5" O-ring) -c 0,185 (20" O-ring) 

The bending r i g i d i t y  

3 2 D 3 Eh /12(1 - V ) = 4.75 l b - i n  

From Eq, (14) the apring constante  of t he  O-rings a r e  

1 + 1 4 . 4 / ~  b 

If a u n i t  canpremlon load of F = 90 l b / i n  ia requi red  t o  s e a t  the  O-rings, the  
groove depth should be smaller  than t h e  O . D .  of the  0-ringn by the  amount 

__I 18800 i n  (5'1 O-ring) 

For t h i s  loadings, t he  bending s t r e s s  is predominant. 

s t r e s s .  

The maximum stress occurs 
ag is hoop stress'and 0 is circumferential 8 

* a t  the  top and bottom of the O-ring. 

1 (22) 
2 

x lo5 p s i  (5" O-ring) 

x lo5 p s i  (20" O-ring) 
i 

These are indeed very high stresses and 
But p l a s t i c  flow w i l l  

tic regions so t h a t  t h e  load-deflect ion 
s t i l l  hold approximately. 

. yielded locally.. 

12 4 

ou te r  f i b r e s  of the O-ring would have 
be contained by t h e  neighboring elas- 
r e l a t i o n s  obtained previously w i l l  



Suppose t h a t  a f t e r  the O-rings a r e  i n s t a l l e d ,  f l u i d  under a pressure  of 
300 p s i g  passes through the  connector, 
c o q r e s s i o n  F f o r  

We w o u l d  l i k e  t o  know t h e  O-ring 

(1) Standard O-rings 

(2) Pressure-energized O-rings 

The load on the standard O-ring is  now a 
as shown when-f r ic t ion  is neglected.  

combination of t he  bas ic  loadings 

c 2 F 

= 3. 

(1) I 

+ ] T o  T = 300 l b / i n  2 

From Eq, (20) 
loading (4) as 

we obta in  the  shortening of the vert'ilcal tube diameter under 

2 - 2Pb (1 - 0,3/21 
Eh sv = 

I 

* e  = i . 2 2 . x  in. 

:The extension of the v e r t i c a l  tube diameter under loading (3) is ,  from Eq, (18), 

0.232 h v  ~ b ~ k . 2 5  - 
1 + 14/v- 

D 

- 0.636 k) G] 
-6 = v 

: 1.52 x low2 i n .  (5" O-ring) 

1.72  x in. (20" O-ring) 
=[ 

The combined e f f e c t  of loading (3) and ( 4 )  i s  tha t  the v e r t i c a l  diameter of the 
t u b e  would extend by the amount 

1.52 x lom2 - 2.22 x low5 = 1.52 x 

1.72 x lom2 - 2.22 x I O w 5  = 1 . 7 2  x 

i n .  (5'' O-ring) 

in .  (20" O-ring) * 

Since the  b o l t s  clamping together  t he  f langes are much mote r i g i d  than the 
O-ring, these would-be extensions of t h e  v e r t i c a l  tube diameter are almost 
kompletely r e s t r a i n d .  The corresponding increase  i n  -O-ring coinpression- 

. i s  equal t o  12 5 



constant)  x (extension r e s t r a ined )  . .  

x 13800 = 295 l b / i n  (5' '  O-rini)  

:: 16400 = 323 l b / in  (20" O-ring) 

. 

The maxircum streso due t o  londing ( 4 )  i s  small compared vith t h a t  due t o  
loading (3) .  For loading (3) it can be a e m  from Eqo. ( 3 6 )  in Section 52.4 of Ref. : 
t ha t  the r a t i o  between the  bending otrcss and th4 nem5renc streso is 

2 6Hg / h N3/h = O(p) = O ( ? )  f o r  both O-ring3 - 
where 0 s tands  f o r  order  o f  magnitude 

Therefore,  the  bending stress and the  mmbrane stress eze of equsl importance. 
It can hlso be Been from the  s t r e s s  equat ions t h a t  the r a t i o  of bending stress 
for loading (I) and (3) io of the  order  of 

Therefore, an i n t e r n a l  preasure of 300 p 8 i g  addo 8 grea t  dea l  to  the  stressco 
i n  the O-ring. This i a  a l l  the  mre important, aLnn,a conaidzrnble addi t ion  
of the  streas ia i n  t h e  form of membrane atreas. ' T h i o  i nd ice t e s tha t  8n 
O-ring of rrwh th icker  wall should be used. 
thicknzo3 would reduce the ?mxbrms? atress approximtzly by half  atid t hc  
bending atrena by th ree  quar te ra .  
becones e ight  tinso 88 large.  

Notice t h e t  doubling ths va21  

The spring constant  of t he  O-ring, hovever, 

k 
In conaidering t h e  effect  of i n t e r n a l  prmaure i n  the ebosc, we have 

not conoidered tha  r e l i e f  of O-ring c o ~ 7 r e s e i s a  due to bolt and apac-.r e:ctension. 
Given the b o l t  end spacer dimensions, t h io  can be ca lcu la ted  r e n d i l y .  However, 
the spr ing constant  of mst 0-ringn i s  ao srnoll com2ared wi th  t h a t  of the 
b o l t s  and &pacer, that t t io  relief-of O-ring corqxessfon is u3v%l,1y negligible, 

For a presaure-energized O-ring the  load is a combination of thP bas ic  

F 
1 T = 300 lb/ia2 
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Another inrportant conclusion can be obtained by revers ing  the d i r ec t ion  
of pressure in loadings (3) and ( 4 )  f o r  t he  standard O-rings. It can be seen 
t h a t  i n  t h i s  cas6 the O-ring c o q r e s s i o n  decreases wi th  tbe increase  of 
ex te rna l  pressure.  In  o ther  words, the  pressure-energized O-ring i s  e n t i r e l y  
ine f f ec t ive  aga ins t  ex te rna l  pressure unless  a back-up r i n g  Ls used. 

We s h a l l  consider  next t h a t  i n , a d d i t i o n  to  i n i t i a l  sea t ing  c o q r e s s i o n  
and i n t e r n a l  pressure,  the r ing  i s  backed u? by the  f lange (or a back-u$ r ing )  
which exe r t s  a reac t ion  force  on tha O-ring. Suppose t h a t  t he  ins ide  diameter 
of the  f l a n g e ' i s  t o  be equal to  the  outs ide diameter of the compressed O-ring 
so t h a t  during i n i t i a l  sea t ing  the  f lange (or back-up r ing)  wil.1 not r eac t  an 
the  O-ring. What should be the. i n s ide  diameter of the flange? I f  the O-ring 
i s ' t h e n  subjected t o  300 ps ig  i n t e r n a l  pressure,  what i s  the  r eac t ive  force  
between the O-ring and the f lange (or back-up r ing ) ,  and what i s  the change i n  
O-ring compression? From Eq. (1% we see t h a t  during i a i t i a l  s ea t ing  the 
ou t s ide  diameter o f  the O-ring' increases  by the amo.unt 

D 
- - 
: 0.00418 i n .  (5" O-ring) 

0,00500 i n .  (20" O-ring) -c Ir 
Therefore, the  i n s i d e  diameter of the f lange should be 5 4- 0,00418 i n .  fo r  the 
5" O-ring and 20 4- 0.00500 f o r  the 20" O-ring. 

When an i n t e r n a l  pressure  of 300 p s i g  i s  now applied,  the outs ide  
diameter of the O-ring would tend t o  increase  i f  i t  were not r e s t r a ined  by 
the  flange. Since t h e  f lange is much s t i f f e r  thaa the O-ring', we may assume 
t h a t  these would-be expansions of  the O-ring a r e  completely suppressed. The 
r e s u l t  i s  t h a t  t he re  is a c i rcumferent ia l  pressure R l b / i n  between the  O-ring 
and the f lange  (or back-up r ing)  a s  well as an increase AF of the O-ring 
compressions. The forces  R and All can be dsterninsd from the condi t ion t h a t  

aH = Ev = 0 

* due t o  the combined ac t ion  of R, &? and the 300 ps ig  i n t e r n a l  pressure.  

We have already found 

-0.0152 i n .  (5" O-ring) 

-0.0172 i n .  (20" O-ring) 

From Eq. (19) we have 

- 1 + 14/p 

. 0.00227 i n .  (5" O-ring) -I 0 0518 i n .  (20" O-ring) 

- 
30 x 106(0.012) %)'300 psig 

- 
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A 1  so 

(5" O-ring) 

&/16400 (20" O-ring) 

and from Eq ( 15) 

. AF/21500 (5" O-ring) 

AF/18OOO (20" O-ring) 
- =i 

SiIllilarly from Eqg. (16) and (17) w e  obtain 

-R/15403 (5" O-ring) 
-R/13200 (20" O-ring) 

0.318 + 2/(1 4- 1 4 / p 3  
(8H)R 

* 

30 x lO6(0.0l2)(1/8)/a2 

: -R/10800 (5" O-ring) 

= -R/1330 (26" O-ring) c 
Therefore, from the cquationsr . 

Gv)30o psig + (av)& + (6v)R = 0 

w e  obtain 

R = 732 lb / in  

AF = 1180 l b / i n  

for the 5" O-ring and 

R = 98.5 l b / i n  
AF = 404 l b / i n  

for the 20" O-ring. 

O f  course, the O-ring would have f a i l e d  under such heavy load. Thz 
result indicates  
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(1) The use of a back-up ring is desirable s ince  i t  increases the 
O-ring coqress ion .  

(2) Clearnncs batwazn the O-ring snd back-up ring ray be  needed to 
avoid overstreoning. 

(3) Aa far 88 increasing the O-ring co~press ion  is concerned, t h e  
r e a c t i o n o f  thz  back-up r i n s  is mre effective-ghQn the internal 
pressure, Thin indicates  thz t ,  f o r  seal ing against external 
preaaure, the tendency of  the external prassure to  re l i eve  the 
O-ring compression Fa m t e  than coqenoated by the reactioa of 
the back-up ring. Therefore, O-rings can be uoed to seal against 
external preaaure, provided a bac!<-up r i n g  i s  used. 
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2.4 

Host of the hollow metallic, O-rings currently in u3e operate fR the 
plastic range. A satiofactory elasto-plaatic analysis is very coqliczted. 
Some considerntior! of their plastic behavior are prcsanted in this section 
baskd on vary much sfnplified assurnptiocs. Tha resulta obtained include: 

1. 
2. 

A conosrvntive estinate of sealing force. 
An estimate of the decreese of the scding force w h n  the flanges 
tend t o  separate as a result of differential thermal expansion, 
external loada, etc. 
An eatinate of the area of contact between ths O-ring and the 
flange . 3. 

They seem to correlate well with the limited experimental data available. 



2.4.1 Yielding Load and Estimate of S e a l i w e  

A t  th2 beginning of the process of t igh ten ing  the connsctor, the 
compression is smill and. the O-ring behaves e l a s t i c a l l y .  
presented i n  Sect ion 2.3 i s  va l id .  
s t r e s s e s  a r e  bending stresses. 
membrane stresses completely. 
and inner  sur facss  of the top and bottom of t h s  O-ring. 

The e l a s t i c  so lu t ion  

Tinerefore, f o r  s impl i c i ty  we s h a l l  nes l ec t  the  
It WES shown t h a t  the predominating 

,The rnsximrn banding moients occur a t  tha ou te r  

The corresponding mmimrn s t r easea  are 

u e  * vc; 

$8 

whoro M0, MQ are bend'ing moments per  u n i t  length o f  meridianal sec t ion  and a 
F i a  tha  c o q r o s s i v c  force  
b i s  the tube radiue of O-ring 
h i o  the wall thicknaas of 0-riag 

sec t ion  perpendicular t o  the meridian, respeqtive!: 

v ie Poieoon's r a t i o  of O-ring m t e r i a l  * e  

According t o  Misaa' y i e l d  c r i t e r i o n ,  i n i t i a l  y ie ld ing  e t  these  po in t s  begins 
when 

c 4 , / x  = y i e l d  s t r eng th  of material i n  tenoion test ,  Y (26) 

o r ,  the i n s t a l l a t i o n  force  causing the O-ring t o  begin y ie ld ing  as 

0 . -. i2-Y 
6b <a Fyield 

Fur ther  increase  of load w i l l  spread the p l a s t i c  zone both outward and i n  
depth. The load de f l ec t ion  curse w i l l  begin t o  devie te  from a s t r i i g h t - l i n e .  
The d e f l e c t i o n  will st i l l  rellcain sml.1 s ince  the  p l a s t i c  d e f o m t i o n  w i l l  be 
contained by the  neighboring elastic mater ia l .  With further increase  i n  load 
tha p l a s t i c  zone w i l l  f i n a l l y  pene t ra te  tho, w a l l  thdckness a t  the top and the  
bottom of tlis 0-rins. 
bending r i g i d i t y  and behaves more o r  less l i k e  ii hinge. 

The material a t  these  poin ts  w i l l  have very smll 
It can be e a s i l y  shown 
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t h a t  the beading Ecrzznt causing t h s  hinge t o  occur i s  312 tirczs'the monsnt of 
i n i t i a l  y ie ld ing  i f  the  smll e f f e c t  of work-hardening is  neglected,  i.e. 

1.5b r h2f 
i- 

x 'yield 

We s h a l l  c a l l  the load a t  which the  p l a s t i c  hinge occurs the h i q e  load. It 
should be expacted t h a t  f o r  loade g rea t c r  than tS2 hing8 load, the de f l ec t ion  
of the 0-ria:: increases  v=ry much f n e t e r  even though unroe t r ic ted  de f l ec t ion  
s t i l l  does not occur ' b~cause  on3 hinge alone dozs not  trensform the O-ring t o  
a "echanisn".  

that Fhinge 

Referr ing t o  a t yp ica l  load dz f l ec t ion  curvs xe arc saying 
correspond8 t o  the  poin t  A 

'hinge 

Load 

'yield 

Fig.  2 . 6  Load-Dsflection Curve of an O-ring * 

A rough e s t i m a t e  of Fhinge can be made t h a t ,  s imi l a r  t o  the bending noment 

Referr ing t o  Fig. -2.6, it can be seen t h a t  F 
good lower e s t i n a t e  of the sea l ing  force $hn%st O-ring applfcat ions . as given abov, serves as  a 

A load-deflect ion diagram f o r  a 118 in .  tube s i z e ,  0.010 in .  wa l l ,  type 321 

de f l ec t ion  curve begins t o  deviate  from a s t r a i g h t  l i n e  a t  a load of 
approximately 75 l b l i n  and larg; de f l ec t ion  begiry t o  occur around a load of 
120 l b l i n .  If we take Fyield a s  75 l b / in ,  Eq. (43) gives us  the y&61a l i m i t  

of the mater ia l  i n  tension as:  

* s t a i n l e s s  s tee l  O-ring is  given i n  Reference 2. It shows t h a t  the load- 
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75) ( 6 )  (1/16) t/l-0.3+(0.3) (0.3) 80,000 psi Y - (  CI 

r[  (0.0 1) 

I f  w e  take 120 lb/Fn a s  Fhin, oe' then 

which s e e m t o  c o r r e l a t e  well with Eq. ( 2 9 ) .  

2 . 4 . 2  Spring Constant of O-ring When Flanges are Sepe ra t in ,  

After the  O-ring i s  i n s t a l l e d  a conservat ive es t imste  of the sea l ing  
force  i s  given by Eq. (29).  The sea l ing  force  decreasas i f . t h e  f langes  tend 
t o  separa te  from each o the r  due t o  d i f f e r e n t i a l  t h e m a l  expansion, adverse 
ex terna l  loads, etc. The amount of  decrease of the  sea l ing  force  depends on 
the r e s i l i e n c e  of the .0- r ing .  I f  t he  e f f e c t  of the  change of the  geometry of 
the  O-ring i s  neg l ig ib l e  then i t  is a fundainmtal hypothesis of the  theory of 
p l a s t i c i t y  t h a t  the  spr ing  constant  of the O-ring during unloading i s  approxi- 
mately the same as  the  e l ss t ic  spr ing  constant  of the O-ring. Indeed, t h i s  ' 

f a c t  is subs tan t ia ted  by the  1oadAdeflection diagram of Reference 2 .  The 
elast ic  spr ing  constant  of mst O-rings i s  given b Eq. (14) .  For a non- 

of :flanges i s  ths refore  
pressure-energized O-ring the  decrease i n  sea l ing  F orce  due t o  separa t ing  

(spring constant  of  O-ring a s  given by Eq. (14)) x (amount of separat ion)  

2 . 4 . 3  Area of Contact Between 0-Ring and Flange 

In  the  following w e  s h a l l  present  a simple method of es t imat ing the  
a rea  of contac t  between the  O-ring and the ' f l anges  based on energy ixns ide ra t ions .  
The work'done by the compressive load can be approximated by the  shadzd area. 
i n  Fig. 2.6, i . e .  

(Fhinge ) x (O-ring compression, 6 )  ( 3 0 )  

Assume t h a t  a l l  t h i s  work Ls done i n  f l a t t e n i n g  a por t ion  of the O-ring and 
t h a t  i n  the  f l a t t e n e d  port ion,  the moment i s  a t  the  f u l l y  p l a s t i c  moment 

03, inge ). This p a r t  of t he  570rk is  given approximately as 
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Equating the  work gofven by Eqs. (3) 
(29) we ob ta in  the following r e l a t i o n  between the  width of the area of contact  
c and the  amount of  O-ring conpression 6 

and (31) and making use of Eqs. (28)  and 

C - 2b = sin[;](:] 

For o 1/8 i n .  tube diameter O-ring compressed 0.035 in , the  width of a rea  of 
contact  is 

cr = 0.053 in .  

which seems t o  c o r r e l e t e  well with  t h e  masurad  value of  - 
c 2 3 / 6 4  i n .  = 0.047 i n .  

on one of the O-rings ava i l ab le  t o  us. 

The average sea l ing  s t r e s s  is of course the sea l ing  force divided by 
' the  a rea  of contac t .  However, the sea l ing  stress is far from being uniform 
over the  a ree  of contac t  and the  maximum sea l ing  stress is much g rea t e r  than 
t h e  average stress, 
of the  shaded area i n  the Eollotring figure. 

The d i s t r i b u t i o n  of s ea l ing  s t r e a s  has the  gecara l  shepe 

This is necessary because the  f l a t t e n e d  po r t ion  of the  0-riag i s  a t  approximately 
constant  moment and i n  order  t o  maintain a constant  moment the  sea l ing  force  
has t o  concentrate  near t he  edges of the  ares of contac t .  
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Question: Have you made an experimental verificatioc of these load 

deflection equations ? 

Answer: We did not run any tests;  however, there 

in l i terature for O-rings, and this was checked and seemed 

to check fairly well. 

been made. 

In the other case, no checks have 

Comment: I asked the question because we have (IIT) dorle some 

work in this a r ea  and have found that because of the 

equations involved, many of the dimensions appeared raised 

to various powers. If you do not know the exact dimensions, 

you can get large e r ro r s .  

from catalogs is not usually good enough. 

itself is quite applicable, you must be careful about what 

dimensions a r e  used so that these methods can be used to 

Just  taking nominal dimensions 

While the method 

predict accurate results. b 

I agree. You must use accurate dimensions for R e ply: 

substitution in the equations. 

information from catalogs to  predict behavior; those dimensions 

were used just to show the use of the equations. 

It w a s  not our intent to use 

Question: How does a pressure energized gasket perform when pressure 

is low and, a t  the same time, high cyclic bending moments 

a r e  applied to the connector? Do you get abrasion of the 

sealing surfaces in that transient period? 

Answer: No, we do not get abrasion of the sealing surface. We consider 

just  the structural  member and the response of the structural  

member. The coating that you place on it i s  something else. 

13 6 



Question: Have you made an experimental verification of these load 
deflection equations ? 

Answer: W e  did not run any tests; however, there is data available 
in  literature for 0-rihgs, and this was checked and seemed to 
check fairly welL In the other case, no checks have been 
made. 

Comment: I asked the question because we have (IIT) done some 
work in this a rea  and have found that because of the equations 
involved, many of the dimensions appeared raised to various 
powers. 
get large e r rors .  
catalogs is not usually good enough. 
itself is quite applicable, you must be careful about what 
dimensions a r e  used so  that these methods can be used to  
predict accurate results. 

If you do not know the exact dimensions, you can 
Just taking nominal dimensions from 

While the method 

Reply: 1 agree. You must use accurate dimensions for substi.- 
tution in the equations. 
mation from catalogs to predict behavior; those dimensions 
were used just to show the use of the equations. 

It was not our intent to use infor- 

Question: How does a pressure energized gasket perform when pressure 
i s . l ow and, at the same time, high cyclic bendkg m-oinents 
are applied to the connector? Do you get abrasion of the 
sealing surfaces in that transient period? 

Answer: No, we do not get abrasion of the sealing surface. We 
consider just the structural member and the response of 
the structural member. 
something else. 

The coating that you place on it is 
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DESIGN O F  STATIC ELASTO-MERIC SEALS 

FOR CRYOCEW-C TEMPERATURES. 

D. H. Weitzel, P. R. Ludtlre, and R. F. Robbins 
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1. Introduction 

Elastomers have properties which make them ideal f o r  numer- 
ous sea l  applications. Elastomeric O-ring seals enjoy unparalleled and 
well deserved popularity in almost every area of science and technology. 
The requirement that a sea l  remain tight when cycled between room tern- 
perature {or higher) and temperatures approaching absolute zero may, 
however, be considered extraordinary. Very few solids experience more 
drastic property changes over this temperature interval than do elasto- 
meric  polymers. 
a r e  not suitable sea l  materials for cryogenic temperature applications. 

To tes t  the validity of this assumption has been the objective 

It has often been assumed, therefore, that elastomers 

b 

of a continuing study at the National Bure.au of Standards Cryogenic 
Engineering Laboratory for the past three years.  
O-ring seals have been tested in flanges of varying design, and highly 
effective seals for cryogenic applications have resulted.. Instead of 
demonstrating that elastomers a re  intrinsically unsuitable for low tem- 
perature seals, it has been shown that elastomeric O-rings offer simple 
and reliable solutions for this as well as more conventional sealing 
problems. 

Many elastomeric 

It goes without saying, of course, that the unusual properties 
of elastomers, and the drastic changes in these properties which occur 
at low temperatures, must be considered in their use for cryogenic seals.  
A typical elastomer will change its unstress-ed linear dimensions by about 
two percent between room temperature arld 76K. 
rubbery to stiff  or brittle in the neighborhood of 200K; during this 
"glassy state transition" the modulus of elasticity may change by a factor 

It will change from 

gc Work supported by Air Force Materials 'Laboratory, United States Air For(  
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of 1000 or more. 
perature (T ) arid a cryogenic temperature wil l  normally be much 
greater t h d t h a t  of the flange material. 
O-ring to actually shrink away from the flulge, leaving a gap instead 
of a seal. Elastomeric polymers are unique materials which behave 
in a characteristic manner at room temperatures (where the seal is 
made) and in a31 entirely different manner at cryogenic temperatures 
(where the seal is expected to maintain good performance). 

The contraction between the brittle transition tem- 

Thus it is possible for an 

A complete or even typical cataloging of the relation between 
physical properties and temperature throughout the region of interest 
would be of great value. This is an almost totally unexplored area, 
however, and it soon became apparent that we would not be able t o  
base cryogenic seal designs on accurate or well known information. 
An experimental approach was therefore taken in the design of seals, 
and an attempt was made to  augment this with measurements of pro- 
perties which were judged t o  be most significant. 

Two essential parts of a mechanical joint are (1) a conform- 
able material which flows under pressure and (2) a mechanical fastener 
for applying force and holding the joint together. 
attain the sealing integrity and strength of a weld or reinforced solder 
joint without losing the convenience of a mechanical connection. 
us examine the two essential parts of a mechanical joint withethis ob- 
jective in mind. We will  then be in a position to think criti’cally about 

Our objective is to  

Let 

, cryogenic temperatures and elastomers. 

The sealing integrity depends on the conformable material and 

The strength of the joint depends on the mechanical 
a sealing pressure which forces it into intimate contact with the surface 
irregularities. 
fastener. The sealing pressure may also come from the fastener or, 
with better design, may come from the pressure of the confiqed fluid. 
Many good designs make an initial seal  with the help of force from the 
fastener, after which the seal is energized by the pressure of the en- 
closed fluid. A n  elastomer O-ring normally operates in this manner, as 
shown in figure 1. This extremely simple and effective action is the key 
to the unmatched success of elastomeric O-ring seals. 

Another popular way to use the fluid pressure t o  energize a 
seal  is illustrated in figure 2. 
loading which flexes a metal body. 

Here the initial seal is obtained by light 
After this the fluid pressure acting 
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on the area inside the body results in a force which is concentrated 
on the sealing edges. The sealing edges or lips are  tisually coated 
with a soft metal or plastic. 
in small sizes, but it is expensive and requires very accurate flange 
surfaces. It's main advantage is light flange loadiqg and the ability to 
follow axial movem-ent without drastic reduction in sealing force. Its 
weakness lies in the small amount of material which flows to m&e the 
seal; this makes it susceptible t o  minute surface' imperfections, as 
well as to imseating which may result from relative motion between the 
sealing surfaces. 
contraction rates between the flanges and the seal body. 

This type of seal  is particularly effective 

Such motion may be caused, for  example, by different 

When considering elastomers for cryogenic static seals we a re  
thinking primarily of the first of the two essential parts of a mechanical 
joint, i. e. ,  the conformable material. Without worrying about efficient 
flange or fastener design, the first part of our investigation consisted 
of experiments designed to see what the elastomer itself would do when 
used as a sealing medium and then cooled below its brittle point. The 
seal  will  unquestionably be good at room temperature, 
able concerns behavior when the seal is cooled from room temperature 
to the cryogenic region. 

(1) 

What is question- 

Specifically, we sgould like to know: 

If the seal leaks, at what temperature and pressure does 
the leak begin? 

(2) . What physical changes cause the s e a l t c  leak? 

(3) Which of the available elastomer compounds perform 
best? 

2. 0-Ring Sea l  Experiments 

It was easily shown that elastomeric O-rings can m&e ex- 
cellent seals at cryogenic temperatures. 
used a "brute force" approach, as shown in figure 3. 
groove type of flange was used, giving the closely confined O-ring an 
80 to 90 percent linear compression followed by about five percent 
volume compression. High flange loading was necessary (on the order 
of 10, 000 lb/in of circumference) but the seals were helium leak detec- 
tor tight at 1000 psi When vibrated on a shaker table at 70K 

from this drastic treatment with no visible sign of material failure, 
although some compression set was usually observed. 

The first successful s e d s  
A tongue and 

and 2OK. 
they remained tight p11 . The better compounds, moreover, emerged 
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t 

FIG 3.  High Compression , Torque and Groove 



The next step was an effort to  reduce flange loading and sim- 
plify flange design. by eliminating the tongue a.nd groove1 21, as shown 
in figure 4. This also resulted in successful seals and these could be 
maintained with lower flange loads than had been used in the tongue and 
groove design. Further reduction in flange loading was achieved by 
using an O-ring of smaller cross  section.. When the 0.139 inch cross 
section O-rings were replaced with O-rings having cross  section di- 
azneters of 0. 070 inches, good seals were obtained with flange loading 
around 6000 lb/in of sea l  circumference. These tests were performed 
with stainless steel  flanges 3/8 t o  1/2 inch thick which flexed enough to 
provide a degree of incidental spring loading on the compressed O-ring, 
a feature which helped to maintain the sealing force. 
further exploited by the flange design shown in figure 5 .  

. 

This feature was . 

Here an O-ring of 0. 070 inch cross  section was lightly stretched 
around a retaining sleeve which snugly f i t  the I. D. of the flanges, 
flanges were dimensioned to flex appreciably under the bolt load required 
to compress the O-ring. 
confining the O-ring, it was possible to obtain reliable seals with flange 
loads as low as 2000 lb/in of sea l  circumference. 

c 

The 

With this arrangement for positioning and partly 

These tests demonstrated principles to be employed in the use 
of elastomeric O-rings as simple crush gaskets fo r  seals at cryogenic 
temperatures: 

Compress as small  a cross  section as is pr.actica1. 

Compress to the minimum thickness which does not 
result in material  failure. 

Spring load the compressed elastomer in some effective way. 

At the same time it was recognized that the tests demonstrated 
principles only, that the flange designs used in the testing were not opti- 
mum and in some cases not even practical, m d  that no discriminating 
comparison of the performance of various elastomers had been made. 
We proceeded next to make a systematic comparison of the performance 
of various elastomers, and then to  seek the most practical and efficient 
flange designs for use of these materials. 
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FIG 5. Flat Flange and Retaining Sleeve 
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3.  Force Decay Seal Tester  

An apparatus was designed to  critically compare the perform- 
ance of various elastomers when highly compressed at room temperature, 
then cooled to  cryogenic temperatures while maintaining a seal. 
ditions of the test were such that most of the seals would leak, with the 
temperature at which a leak occurred serving as an index of merit .  

Con- 

The 
Compressive force was applied through 

. washer type s t ra in  gauges placed in a bellows filled with liquid nitrogen 
-apparatus is  shown in figure 6. 

during cooldown. 

Initial compressed thickness of the O-ring was maintained as 
constant as possible by making crit ical  parts of the apparatus of invar 
and placing invar pillars between the loading bolts. This maintained a 
constant separation between the main flanges and eliminated most of the 
spring loading, so  that we were able to obtain a record of the force which 
the compressed elastomer exerted against the flanges during an initial 
relaxation period before cooldown and during c0oldo.vrl.n t o  76K. 
parameters obtained for use in comparing the v a r i w s  elastomers were: 

Thus 

B 
(1) The temperature and pressure at which a leak occurred. 

( 2 )  The force zt which a le& occurred. 

(3)  The force decay during initial relaxation. 

(4 )  The force lost during cooldown. 
1 

Data were plotted with the help of an x, y recorder,  giving us graphs 
such as those shown in figure 7 . .  Three successive cooldowns were 
made for each material  which showed promise, with seals separzting 
high vacuum from helium pressures  of 1 0 0  to  1000 psig. 

Detailed results of this work a re  given elsewhere' 3 1 .  For 
our present purpose we ca.n summarize by saying that about 50 different 
samples divided'into 10 groups representing all of the basic elastomeric 
polymers were tested with this apparatus, giving about 25 graphs similar 
to those we have seen. From a study of this information we were able to  
reach several  conclusions regarding the use of elastomers fo r  cryogenic 
seals. , b o n g  these were the following: 

' (1) Even with constant flange separation and a minimum 
amount of spring loading, some elastomers a re  capable 
of maintaining high sealing forces when cooled far below 
their brittle transition temperatures. 
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W i t h  high compression m d  small  final thickness most 
of the force decay occurs dtirirrg an i n i t i d  relzxztion 
period of about s i x  hours at room temperature. The 
amount of this initial relaxation is a fair indication of 
the effectiveness of the material  for cryogenic seals. 

Best seals were obtained with compounds of natural 
rubber, polyisoprene, polybutsdiene, vinyl pyridine- 
acrylonitrile, neoprene, and butadiene - acrylonitrile . 
Several others, including one experimental silicone, 
als o showed pr omis e. 

Many of the seals leaked while the elastomer was sti l l  
maintaining considerable net force (three to  five thousand 
psi) against the flange surfaces. This apparently was 
the minimum sealing force which had to be maintained. 
The reason for this was not obvious, and led t o  an in- 
vestigation of sealing and unseating mechanisms. 

Seal Interface Studies 
5 

t imes as high as that of the confining flznges, temperature changes which 
occur below T will introduce thermal strains parallel t o  the flange sur -  
faces, and ma$ even cause lateral  motion or sliding along the interfaces. 
Relative motion at the interfaces will  result  in llunsea$ingfl of the sea l  
unless there is plastic flow o r  deformation t o  prevent this. The seals 
which leaked while the net sealing pressure was sti l l  high were probably 
operating in this way. A "constant force" experiment was designed to 
study this problem and to find ways of reducing the required sealing force. 

Since the. contraction rate of the brittle elastomer is several  

The central part of the constant force apparatus is shown in 
figure 8. Force was applied to  the flanges at what would normally be the 
bolt circle, but instead of using bolts a hydraulically loaded testing 
machine was used to  maintain a constant compressive force duriing cool- 
down. A specially designed dewar, not shown in the figure, surrounded 
the apparatus for cooling by slow addition of liquid nitrogen. The O-ring 
was positioned around a machined step on the bottom flange; the top flange 
had a circular recess which f i t  the step with 0.002 inches diametral clear- 
ance. 
ward when compressed. 

Thus the O-ring was confined at its I. D. and forced to  extrude out- 

I 
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, With this equipment m d  a selected control group of one inch 
diameter by 0.140 inch cross section O-rings we detexmb-ad the mini- 
mum force required to maintain tight s e d s  at 7 6  K with 1000 psig helium 
on the inside and high vacuum on the outside. The minimum constant 
force required for  the better materials was 5000 t o  6000 pounds, which 
is equivaleat t o  about 1200 pounds net force per linear inch of O-ring,, 
.or a net pressure of 4000 to 5000 psi on tile compressed O-ring surface. 
This agreed with results obtained with the force deczy apparatus, and 
led to attempts t o  lubricate the interfaces with a thin h y e r  of material 
which would flow plastically at cryogenic temperatures. 

- 
. -- 

, 

To pursue this idaa we used a szndwich configuration cornsist- 
ing of two foil  or film washers with the O-ring between, as sho-m in 
figure 9. Films of polytetr affuoroethylene, lead, aluminum, and indium 
were tried with neoprene O-rings. 
to be highly successful when used in this way. 
duced by a factor of three, and more reliable seals than ever before 
were obtained. Anet  flange load of only 400 pounds per inch of seal  cir- 
cumference was required t o  separate 1000 psig at 76 K from high vacuuI”z1 
with leakage less than 10-6 atm cc/sec. Net pressure on the sealing sur -  
faces was reduced t o  about 1500 psi. 
step in the flange was designed for external rather than €or internal pres- 
sure, as sho.i;vn in sketch A of i i gu re  10. 
the outside of the O-ring, as shown in sketch B, the seal could probi?.bljj 
have been maintained with even less f l a q e  lozdlkg. 

Three mil thick indiu-rl? foil proved 
Flange loading was re-  

It might be mentioned also that the 

If the back-up step had been on 

The indium-elastomer sandwich seals were tested in the con- 
stant force apparatus with O-rings of natural rubber, neoprene, polybutadiene, 
ethyl-acrylate, vinylidene fluoride perfluoropropylene, and cfilorosulfon- 
ated polyethylene. All  performed exceptionally well. Neopreae-indium 
was also tested in the force decay fixture. While at 76 K this seal  was 
shocked by dropping the heavy fixture on a concrete floor from a height 
of several inches, a treatment which very few previous seals had sus- 
tained without developing leaks. 
made t o  leak by this type of shock treatment. 

The neoprene-indium seal could not be 

The elastomer indium saadivich maIces effcctive use of indium’s 
A very thin layer of indium remains compressed be- 

In 

ability to cold flow. 
tween the elastomer and the flange surface and continuously fills any open- 
ings which tend to form as the surfaces move relative to one mother. 
this way indium functions as an O-ring lubricant or grease, but one which 
does not become brittle at cryogenic temperatures. The advantage over 
plain indium is that there is no continuous cold flow because of frictional 
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FIG 10. Stepped Flanges 
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forces on the extremely thin layer of indium which re'mains between the 
flange and O-ring. In addition, each time the elastomer warms to its 
brittle point it com6s to  life like a compressed spring znd'reseats the 
seal. Thrzs we have a technique for adding elasticity to  indium. 

With the aid of these two experiments, one showing force 
decay and seal performance at constant flange separation, the other 
giving seal periormance at constant flange loads, we can restate the 
principles t o  be kept in mind for  use of static elastomeric seals at cry- 
ogenic. temperztures. These are: 

__ - ._ - 

Choose an elastomer which can be given 80 t o  90 percent 
linear compression without material failure. 
quirement is easily met by the elastomers which performed 
best in the above t'ests. 

Compress at least part of the elastomer cross section 80  
to 90 percent, and choose the cross section t o  give a final 
compressed thickness no grezter than 0.010 inch. 

Spring load the compressed elastomer, or use the pressure 
of the confined fluid, or take advytage of differential ther- 
mal contraction (or use two or  all of these) to  maint,' -in a 
net sealing pressure of about 5000 psi on the sealing 2re.z. 
This does not require hea-vy flanges nor high bolt loads be- 
cause the sealing area can be made small. A seal width of 
0.050 inches, which should be ample, will esperience a corn- 
pressive load of 5000 psi with a flange load'of only 250 pounds 
per inch of seal  circumference. 

If the interfzce between the elastomer a d  the flzqrge is 
lubricated with a thin layer of indium the required net 
sealing p,ressure can be reduced to as little as 1500 psi. 

This re- 

5. Design Suggestions 

We have described a number of experimental flange and elasto- 
mer combinations which were developed t o  test  various aspects of the per- 
formance of elastomeric O-rings as s e A s  zt cryoger^ic temperatures. 
Several of these designs were found to make very satisfactory high pressure 
to  high vacuum seals and can be used for  m a y  practical low temperature 
applications. 



In conclusion, however, we would like to suggest a few designs 
which utilize principles which the experimental flanges have helped us to 
establish. For light weight flanges and 1ov1 bolt loads one can use: 

(1) An O-ring of convenient cross section, but requiring high 
compression on only a small sealing area. 

(2) Spring loading. 

(3) Pres sure actuation. 

(4 )  Temperature actuation. 

For good connector design, one should have: 

(1) Simple, symmetrical flanges. 

(2) Easy trouble-free assembly. 

(3) Solid metal t o  metal flange contact for transmission of 
loads through the joint. 

Figure 11 shows a stepped flange which can be dimensioned 
to apply high compression to  any desirable fraction of the O-ring cross 

The step c2.n of course be reverse??, as shown at B, which is 
better for vacuum or external pressure, and also holds the O-ring better 
during assembly of the joint. These stepped designs depend for spring 
loading on flexing of the flanges before metal-to-metal contact. They 
a re  neither pressure nor temperature actuated, and theSflaiges are not 
symmetrical, but they are  simple and those which we.have tested have 
been reliable . 

. section. 

Figure 1 2  shows a flange, and insert assembly which uses two 
O-rings in a design analogous to the usual spring loaded and pressure 
actuated seal, This design has solid metal-to-metal contact for trans- 
mitting loads through the joint and does not depend on flange flexing for 
spring loading. Flanges are simple, symmetrical, and light weight, 
with bolt loads controlled by the spring constant of the insert beams. 
This is a good design which combines most of the desirable features 
which we have enumerated. 

Figure 13 shows another method for tucking away part of the 
cross section of the O-ring and applying a controlled spring load t o  the 
remainder, which is used t o  make the seal. If the beams point out, as 
shown, (the O-ring can be positioned on the 0. D. of the insert but the 
seal is oriented for external rather than internal pressure. 
ternal pressure the insert should be reversed as shown in figure 14. 

For high in- 
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FIG 12. Elastomer Seal, Spring Loaded and Pressure  Actuated 
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FIG 13. Spring Loaded Seal for External Pressure 
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FIG 14. Spring - Loaded Seal for Internal Pressure 
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A third possibility is shown in figure 15 which spring loads 
the elastomer through hoop compression of a ring-shape-d insert. 
design is compact and allows low bolt loads because it utilizes the mechan- 
ical advantage of an inclined plane t o  compress the insert ring and elas- 
tomer. It is not suitable for diameters less than about four inches, how- 
ever,  because in these the insert ring may yield in compression before 
deflecting enough t o  make room for the elastomer, and. subsequently will 
not have sufficient springback to maintain an effective sealing pressure.  + 

This 

Materials for these spring loading inserts should be chosen 
primarily on the basis of elastic properties and yield strength, with 
thermal expansivity a secondary consideration. 
on the O.D. of the insert the sea l  will tighten during cool-down i f  the insert 
shrinks less than the flange. 
temperature actuation results if the insert shrinks more than the flange. 

If the O-ring is positioned 

If the O-ring is on the I. D. of the insert, 

These and other designs are being studied at the NBS Cryo- 
genic Engineering Laboratory. 
should not be overlooked when considering the problem of leak tight 
separable connectors for service at cryogenic temperatures. 

We are  convinced that elastomers 
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I N T  R 0 D U C,T I O  N 

A particularly critical and unique liquid oxygen gasketing problem has 
been encountered by the George C. Marshall Space Flight Center during the devalop- 
ment of the Saturn launch vehicle. 
been achieved so far. The need fo r  an improved cryogenic gasket, aspecially 
designed for Saturn liquid oxygen use, resulted in their sponsorshi? of this 
program. 

- In surveying the possibilities for elastomars which retain a degree of real 

Only a marginal solution to this. problsm has 

flexibility at cryogenic temperatures, only two present themselves as candidates, 
namely the polyurethanes and the fluorocarbon polymers. For liquid oxygen service. 
it is indeed most fortunate that one of these types of materials is LOX coapatible, 
If the fluorocarbon g 0 l j ~ ~ e . c ~  wsr3 subject to the embrittlement observed w L ~ k  many 
other elastomers, tb.: ;r.-blem of a flexible, LOA compatible material would be con- 
siderably more ser;c.is char, it is now. 

A number *;: jssicets and gasket materials that are compatible with liquid 
oxygen are a7i~Llhble commercially. However, exhaustive testing by the Mar6hal.l 
Space Flight 3entar has revealed that many of these products do not possess ths 
physical prc-.arties needed to maintain a tight seal in the lightweight flanges 
favored for Lunch vehicle applications'. These shortcomings are also demonstrated 
by test data obtained during this investigation. ctSome of the key requirenants 
for a material in this specialized application include: 

(1) Little or no cold flow or creap under load at ambient temperature. 

(2) 

(3) 

(4) 

Little or no conpression s e t  at ambient temperature. 

Retention of some degree of flexibility at cryogenic temperature. 

Generally good sealing characteristics at ambient and cryogenic 
temperatures. 

( 5 )  CC;;-.-~:. zesktance to reaction upon impact in LOX. 

Also, it would T ~ S ;  ce-izi3le if this gasket could be reuseable. 

This paper presec:o <-=E- aation on the tests which were used in the evaluation 
of gasket materials alon,-. -:i 
the :>roper design of a n': 
reo;ized with the newly det'eloped gasket. 

the results of these tests, and how they indicated 
Data is presented which show the improvemaata ::,sket. 
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G A S K E T  E V A L U A T I O N  

The specimen chosen f o r  a l l  evaluat ion t e s t i n g  was i n  tha form of a f l a t  
gasket with an O.D. of 2.06" and an I.D. of 1.31". This  specimen gave a f lange 
contact  area of 2 square inches. Most specimens were from 80-90 m i l s  i n  thick-  
ness . 

A l l  specirn2ns were evaluated i n  a t e s t  which w a s  terined "load decay." 
This rest was designed t o  e s t a b l i s h  how w e l l  t h e  mater ia l  was ab le  t o  maintain 
its re s i s t ance  t o  compression. The t e s t  was an exaggerated one with very high 
,f lange pressure and w a s  designed t o  nagnify cold flow problems i n  a gasket 
material. Specimens which resist cold f low and had s u f f i c i e n t  t e n s i l e  s t r eng th  
t o  resist material f a i l c i e ,  perfomed w e l l  i n  t h i s  tes t .  The specimen was loaded 
t o  15,000 p s i  between two f l a t  f iznges i n  a hydraulic press  with t i g h t  check'  
valves  enabling the  plott-ing of the decay of the  load o r  the .pressure  exerted by 
the  compressed gzskac.  
and a t yp ica l  cure  i s  presented i n  Figure 1. 

The load bras followed €or a period of t h i r t y  minutes 

Notice t h a t  the  compressibi l i ty  and compression s e t  are a l s o  recorde, m 
The curve shown i n  Figure 1 r e f e r s  t o  the comiiercial SBR-asbes ' 5  t h i s  t es t .  

material now used fo r  most Saturn LOX gasketing appl ica t ions .  
marginal i n  i t s  sea l ing  proper t ies ,  and i t  requi res  $laborate pretreatment :<;th 
a chlorofluorocarbon polyrcer o i l  t o  minimize i t s  po ten t i a l  r e a c t i v i t y  wi:h l i q u i d  
oxygen. 

This  produc, ,s 

Materials with poor performance are r ead i ly  i d e n t i f i e d  by t h e i r  sharp drop 

The f i l l e r  leva1 was 37% 9 weight. 
i n  load as i l l u s t r a t e d  i n  Figure 2 .  This curve was obtained on an asbestos  
f i l l e d  fluorocarbon elastomer specimen. 
Notice the  high compression set measured 24 hours a f t e r  r e l eas ing  the load. 

The f a c t  t h a t  d i f f e r e n t  f i l l e r s  may not have an equivalent  e f f e c t  a t  the  
same level i s  ind ica ted  i n  Figure 3 .  This  family of curves was obtained with 
specimens containing var ious  levels of zinc oxide. 
were not  pursued. f o r  r easom mentioned later.  

The l e v e l s  between 0 and 34% 

Several  specizens were prepared by molding Teflon powder with var ious levels 
of chopped f ibe rg la s s  f i l l e r .  The e f f e c t  of f i l l e r . l e v e 1  on the  load i s  shown 
i n  Figure 4 .  
materials. 
of about 30 pe.:cenr. 
type gasket.  

A l s o  shown i n  Figure 4 are three  commercial cryogenic gasketing 
Ty i~ ica l  of a l l  the  glass f i l l e d  Teflon systems i s  a compression set 

This  t es t  deinonstrates the  ser ious  cold flow problem of t h i s  

A t  t h i s  point. it became evident  t h a t  the  degree of r e s i s t ance  t o  cold flow 
requi red  i n  t h i s  s i t u a t i o n  wouid not be a t t a ined  with any known f i l l e d  or' f i b e r  
re inforced  fluorocarbon polymer without se r ious ly  compromising o ther  in. Dorrant 
physical  p roper t ies .  This  l e d  us t o  a laminated gasket design, congis t ing  of 
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* .  

alternating plies of a woven fabric and a suicable fluoroc.arbon film. 
application of heat and pressure the resuiting laminate hzs 'real reinforcenent 
and the woven structure effectively inhibits cold flov, buz sufficient: void 
content is allowed to remain.to provide some compressibility. A typical load 
decay curve for a fluorocarbon polymer and 112 glass fabric laminate i s  shown 
i n  Figure 5 .  

After the 

* Table I is a listing of the compressibility and coinpression set data 
obtained fron the load decay testing. 
suffer considerable conpression set. 

Notice that most of tha com.ercia1 gaskets I 

1n.addition to obtaining cold flow information from load decay with high 
flange pressures, the compressive modulus of gasket candidates flare obtained at 
m m e  realistic flinge pressures. Furthzrmore, the gasket specimens were load 
cycled ten times to 3000 psi in.order to observe.changes in the compression 
modulus resulting fro= compression set or flow. Stress-strain curves were 
obtained during this cycling which vere conveniently used t o  calculate the 
compressive modulus in ~ 2 c h  cycle. 
first and second cycle, tabulation of modulus values are made on tht first, 
second and tenth cycle. 

Because most of the changs occurs betwzen the 

The-equipinent used consists of.two plates mounted on an Xnstron testing 
machine, wit? gasket deflection measured by an extensometer driven by an appro- 
priate finkasG;, (see Figure 6 ) .  
immersed in liquid nitrogen. A typical Instron chart is shown in Figure 7. 
This chart was obtained Trit'n a 40% glass filled Teflon gasket, A nurnber of 
modulus values for various materials are shorn in Table SX. 
values obtaincd €or the fluorocarbon polymer - 112 glass laminate. 

For cryogenic test$ng, the entire fixrure was 

Notice tha excellent 

A suunary of the modulus values for the various types of gaskets is shown 
in the form of a bar graph in Figure 8. 
elastomsr has high compressibility at room temperature but becoines quite hard 
at -320'F. The glass fiber filled Teflon is not as severe in its modulus change 

The - 3 2 0 9  
moduli of the lamiiiata E'jtstems are not far different from the roOn tznperature 
moduli. This pirfoernsnce is brought about by certsin feetures 02 the laminate 
introduced by the s2ecial lzninzzing procedure mentioned previously, This 
procedure 'consists 'of the layup S J f  glass fabric and the fluorocar3on polper 
film and lamination at a tempeizeure sufficient to produce SQZE flov but riot 
high enough to give ccinpleee saturation of the fibsr bundle. 
results in a material with a springlike compressibility which is noe subject to 
drastic changes in modulus with decreasing temperature. 

Note that the filled'fluorocarbon 
. 

'but the fluorocarbon >oiper laisinate i s  outstanding in chis regard, 

T h i s  characteristic 

This difference in bundle wetting at different laminating pressure w2s 
demonstrated by placing polished edges of a series of Teflon laminates prepared 
at temperatures frorn ~OOoF-700'F, in a penetrant dye solution for 20 minutes. 
At the end of this time, the laminates ware removed from the solution and wiped 
dry. 
and found to be a function of the laminating temperature, 
observed at 700'F due to the lower resin viscosity and the resulting improved 
wetting ability of the binder. 

The extent of lateral penetration of the dys into the laminere WSG measured 
Lesser pmetration was 
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Teflon FEP cazl be used t o  f a b r i c a t e  l an inz te s  with pressing tenperatures  
from 50O0F-7O0~, Generally 100 p s i  i s  s u f f i c i e n t .  Other fluorocarbon 
materials can a l s o  be used with the appropriate  temperatures Including the 
elastomeric systems of the type ccmposed of copolymrs  of vinyl idene f luo r ide  
and te t ra f luoroe thylene  o r  trifluorochloroethylene. 
the  polytrifluorochloroethylene based sys t e m s  which can be pressed from 400%- 
4509 and i t  i s  poss ib le  to use these polymers i n  conbination with the e l a s t o -  
meric systems LO achieve g rea t e r  f l e x i b i l i t y  of the gzsket a t  roo= temperature. 
Compressive modu1.i f o r  these systems i s  presented i n  Table 1x1. 

Other polymars include 

Hysteresis  ioops tiere a l so  obtained on the tes t  specimens and'were of 
considerable  value i n  demonstrating d i f fe rences  in compression s e t  and f lov .  
Shown i n  Figure 9 are the hys t e re s i s  loops obtained on cycl ing a 25% g la s s  
f i l l e d  Teflon system typ ica l  of a number of commercial cryogenic gasketing 
mater ia l s .  
g l a s s  f ibe r ' l amina te  which almost completely obey Hook's l a w .  

Compare these with the  loops shown i n  Figure 10 f o r  the Teflon 1 1 2  

The a c t u a l  s ea l ing  c h a r a c t e r i s t i c s  of mater ia l s  was a l s o  s tudied.  
aspec ts  of the sea l ing  a b i l i t y  were s tudied,  the f i r s t  of which was t o  e s t a b l i s h  
what f lange pressure was required t o  maintain a s e a l  aga ins t  an i n t e r n a l  gas 
pressure.  
small volume ins ide  the gasket was pressurized to 200 ps i .  The flanga pressure 
was then gradual ly  decreased u n t i l  a leak  was observed on a pressure nonitoping 
gauge. A smzll leak  was r ead i ly  detected because of the small volume ins ide  the 
gasket.  
minfmum flange pressure tq prevent a l eak  was about 200-250 p s i .  The s i m i l a r i t y  
of perfcrmance i n  t h i s  test l ed  u s t o  another method of evaluat ion cons is t ing  of 
the deterinination of the f lange de f l ec t ion  which can take place b e i o r e  a l eak  
occurs. 

Two 

The gasket was loaded t o  1500-psi f lange pressure and then the 

It w a s  noted t h a t  almost a l l  gaskets  were q,ixilar a t  -320OF aad the 

It can be e a s i l y  understood how t h i s  f ea tu re  i n  a gilsket wou1d be of imporcacce. 
.A good gasket w i l l  maintain a s e a l  even though tha f lange may'move under a stress. 
A s a f e t y  f a c t o r  would be ava i l ab le  f o r  thermal 'contract ion 8s well .  
of the f l ange .de f l ec t lon  before a leak  occurs i s  tabulated i n  Table IV, with the 
va lues  eAqre.ssed i n  tems of a c o e f f i c i e n t  which is the  f l a sge  de f l ec t ion  Fer u n i t  
thickness of t he  gasket.  Note t h a t  many of the commercial mater ia l s  have'values 
of 0.020 o r  less,  while the fluorocarbon-glass f ab r i c  gaskets have values as high 

The expression 

. as 0.040 t o  0.050. 

With continued s tud ie s  of the e f f e c t  of changing each of severa l  processing 
va r i ab le s  U ~ G P  =he compress ib i l i ty  of gasket composites, i t  becaae apparent t h a t  
i n t e r p r e t a t i o n  of s l i g h t  d i f fe rences  i n  compress ib i l i ty  were required.  With the  
o r i g i n a l  t e s t i n g  device i t  was f e l t  t h a t  these. small di f fe rences  could not  be 
de tec ted  wi th ia  the  l i m i t s  of t he  experimental e r r o r ,  This ezparinental  error 

17 0 



. ’ became s i g n i f i c a n t  due t o  a measuring sys t ea  which was sooswhat complex a r d  t r i l l  
A more e f f e c t i v e  device was designed and no t  be  discussed i n  t h i s  presenta t ion .  

i t s  s impl i c i ty  a c t u a l l y  cont r ibu ted  t o  a g r e a t e r  accuracy. * T h i s  f i x t u r e  is 
shown i n  Figure 7 .  
were f e l t  to be quire re l lable .  

S t r e s s - s t r a i n  curves were obiained wi th  t h i s  devics which 

Typical  curves are shown in Figures  8 and 9 ,  which compare 2luarolube 
t r e a t e d  asbestos-rubber and a t y p i c a l  Teflon FEP laminate.  

Fur ther  work wi th  these  gasket systems is cont inuing and o r i l l .  be r epor t ed  
i n  P a r t  IJ of t h i s  presenta t ion .  

I? 1 



C O N C L U S I O K S  

It has  been demonstrated t h a t  t h e  g r e a t e s t  problem w i t h  g a s k e t s  us ing  
binders  of f luorocarbon polymers, i s  t h e i r  high c o l d  flow o r  c r e e p  c h a r a c t e r i s t i c s .  
Various methods of r e s t r i c t i n g  c o l d  flow hzve been eva lua ted  b u t  only one shows 
i n d i c a t i o n s  of success.  The p r o d s i n g  approach i s  t h e  use of ii Laminated com- 
p o s i t e  w i t h  a f luorocarbon polymer binder .  
i s  t h e  incomplete wet t ing  of the f i b e r  bundle which results i n  temperature- 
independent s p r i n g l i k e  compress ib i l i ty .  

A d e s i r a b l e  f e a t u r e  - of t h i s  cornposite 

17 2 
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Figure  6 ,  Test Fixture with Extensometer 
Installed, and 1/8" .Thick Sample 
Prepared f o r  RT T e s t  
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Figure 11. Compression vs. Deflection Test Fixture 
for 2.06 O.D. Gaskets 
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T A B L E  IV 

FLANGE DEFLECTION BEFORE LEAK 

M a t e r i a l  

F i l l e d  Fluorocarbon Elasforner 

Unf i l l ed  Fluorocarbon Polymer 

Te f fon 

Encapsulated 

Glass F i l l e d  Teflon 8 1  
. # 2  

B 3 

25% Fibe rg la s s  

Laminate s 

Fluorocarbon Polymer-112 Glass 
Tef lon  112-Glass' 

Flange Def lec t ion  per u n i t  
thicknes 

RT 
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Go snell 

Question: In the experiment w 

nate and you backed off 

go before leaka 

have before the 

the leakage started? Were you talking about the levels of 

leakage that we generally speak of when discussing fluid 

. seals?  

Answer: Possibly not. We did not use a mass spectrometer to detect 

low rates of leakzge, and we c o d d  observe no pressure drop. 

When a leak did occur, it was catostrophic. 

Cornmerit : I. asked this because we leak-checked some of the glass 

impregnaidd teflon and found that under no s t ress  level at a 

one atmosphere pressure differential were we able to get 

the leakage below atm cc/sec. 

Reply: I suspect that this is a mattkr of lateral  penetration; 

Mr. Wilson wiil discuss this in the next paper. 

How do you define compressibility as used in  your tables? 

What was the degree of wetting for the tests- shown in the 

ba r  braph ? 

The degree of wetting was approximately 30% content by 

weight. 

load as measured in comparison with no load. 

LIT. has been doing quite a bit of work with composite 

materials, primarily metallic f ibers impregnated with 

Question: 

Answer: 

Compressibility is simply the compression under 

Question: 

. teflon, nylon, and other soft filler materials. I have 

noticed two time r late2 relationships: the s t ress-s t ra in  

relationship that e hibits a definite time dependency, and 

the rate of recovery. 
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'Question: (contd) 

This material  impregnated with teflon, for example, does 

not appear to recover immediately, but after one o r  two 

hours o r  days, it will come back to the original dimensions. 

W h a t  is your ra te  of load application, and when do you 

measure the recovery? 

Composites a r e  much like a pure teflon gasket that will 

flow under stress. 

Answer: 

W e  have looked at  composites of metal- 

lic systems, but  i n  a metallic system, like a metzl fab.ric, 

you obtain complete wetting and have no void content to act like 

a spring. The material can only flow, and of course, this 

is strictly time dependent. It i s  a function of the binder . 

and the spring-like nature of the reinforcement that permits 

the gasket to flow back (partically at  feast) to where i t  was 

before the load was released. Our loading rate  was about 

100 psi  per  minute, possibly a little faster.  

Did you consider the permeability of your matqrikls in  

getting the true results f rom your tes ts?  

This is discussed in the following paper. 

Question: 

Answer: 



THE DEVELOPMENT O F  A NEW CRYOGENIC GASKET 
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T'I  DEVELORENT OF A N E W  CRYOGEEIC GAS'A%T 
FOR LIQUID OXYGEN SERVICiS 

The dual requirements of cryogenic application and LOX compatibility reduced 
the field of possible gasket materials to one: fluorocarbon polymers. The 
material that has been most attractive and has been used nost often in the 
program is DuPont Chemical's Teflon. 
(deflecti.cn wich Limp, under a l oad) ,  which is undesirable for a gasket. 
This phenomeaon has been best controlled by fabricating gaskets fro& laminates 
composed of alternate layers of resin and reinforcement material. 
tiveness of the reinforcement in restricting creep has been demonstrated by 
stress relaxation tests. TheGe tests, performed at ambient temperature, measured 
the reduction in compressive load with time for the solid resin and for a glass 
reinforced lamicate (see Figure 1). Figure 1 indicates that the reinforced 
laminate exhibited less relaxation. In addition, the small amount of relax- 
ation it did experience occurred within the first 30 minutes, while the solid 
resin specinen was still relaxing when the test was terminated (after 2 hours). 

However, this material undergoes creep 

The effec- 
' 

Creep rate is less at lowered temperatures but still is present (Reference 1, 
Figures 6 and 7 ,  p. 9 ) .  The results of this investigation are that the laminate 
constructioh is preferred for the gasket application becclusz it induces a 
lower amount of bolt load dropoff than the solid resic does. P.efarenca 2 (p .  4 )  

states that a laminated gasket design shows "promise" for cryogenic applications, 

There are two types of Teflon resins: tetrafluoroethylene, cornonly called TPE ~ 

and fluorinated ethylene-propylene, referred to as PEP. Besides the difference 
in appearance (TE% is opaque, while FEP is transparent) , many of the properties 

r, 

of these materials are di8similar. One of the most important properties for 
the gasket application is the modulus of elasticity, since good cornpressibility 
is quite desirable. 
the lower the compressibiiity.) 
(Reference 1, Figures 1, 2 ,  and 3,  pp. 6 and 7) ,  making it lese desirable 
from a compressibility standpoint. The compressive moduli of both greatly 
increases with decreasing temperatures, 4s shown in Figure 2 (Eieference 3 ,  
Figure 82, p. 145). 

(These are inversely related; Fee., the higher the modulus, 
FEP possesses a higher modulus than TFE 

Another important diffe'rence between'TP2 and FEP greatly affects fabrication 
of laminates. FEP is a true thermoplastic and melts. This results in relatively 
easy lamination of FEP and the substrate (the reinforcemat material). As FZP 

. _ .  1 1  
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melts, it. wets the glass fiber to form a relatively strong bond, whereas the 
TFE forms only a mechanical interlock. 

FEP have been experimentally determined to be 525'F, 100 psi,and 15 minutes. 
~ m ,  howeveK, does not melt: at 621"F, it undergoes transition into a ge l  

Optimum lamination conditions with 

state, but will %mer melt regardless of temperature or pressure. 

t.he lamination tec.hniq:Le thar. has been developed involves a relatively high 
lamination pressure, which serves to drive the substrate into the soft resin. 
The optimum lamination values for TFZ have been found to be 800'F; 500 psi, 
and 30 minutes. The mechanical bond thus obtained is quite strong, although 

not as good as that obtainable with the F%P laminates. 

Therefore, 

Figures 3 and 4 (microphotographs of TFE and FEP laminates) show that the FEP 
has melted and hag been absorbed in part by the glass substrate, while this 
has not oc.c,urred with TFE. Besi.des the superior compressibility of TFE resin, 
TFE glass laminates are also more compressible than FEP laminates because the 
TFE does not melt and the glass substrate remains completely dry. Therefore, 
more of the mechanical compressibility of the glass fabric is retained. One 
of- the major advantages of the glass reinforced laknate design is that the 
mechanical compressibility of the glass fabric is relatively unaffected by 
temperatute. Hence, t.hese laminates have performed very well at the cryogenic 
condition. 

I 

Laminates nu5t be ccoled m d e r  pressure to 400°F to prevent warping. At 
400"F, they are quick-quenched in water. In addition to speeding up the 
fabrication the, this rapid cooling of TFE laminates has the advantage o f  

resulting in a lower pexentage of crystallinity in the TFE. 
crystallinity, the l ower  will be the modulus and the higher the compressibi1it.y. 

In addition, the percent recovery and flex life are higher with lowered crystal- 
linity (Reference 1 ) .  

The lower t he  

Various candidate constructions were compared on the basis of compressibility 
and compression set .  The test devised for these comparisons (called the 

load vs. deflection test) consists of preloading a specimen to 1500-psi flange 

pressure at room temperature, cooling to 76°K with liquid nitrogen, then 
varying the flange pressure from 0 to 3000 psi for 10 cycles. An extensometer 
measures the gasket deflection. 
deflection data (see Figure 5 for a typical set of curves). 

2 12 

An x-y plotter records on tape the load vs. 



,Since the load czn easily be convertei to stress and the deflection to Strain, 

the load vs. deflection curves also repre.sent stress-strain curves. 
the slope of the curve should be the compressive modulus. 
nonlinearity of the  curve^, there is no single slope for a particular cycle. 
This did not allow the modulus determination in this classic manner. Revertheless, 
it was reasoned that the' area under the curves, repressnting the Einount of 
energy zbsorbed, could be just as useful a standard of comparison. 
these areas were measured and energy absorption figures calculated for the 
first, second, and tenth cycles to daternine the effects of short- and long-time 
cycling. 
fall-off with cycling were judged superior in compressibility. 

Different substrates have been considered for reinforcement in the laminate: 

A s  such, 
Hwever, due to the 

. .  

ThereEore, 

Candidates showing higher energy absorption values with mininuin 

glass fabrics, knit glass,  a few metals in various shapes, and spirally 
.wound glass. 
been with g lass  fabrics. 

Because it has performed so well, most of the investigation has 

Various weaxes of fabric were considered and testkd. 
does not appear to greatly influence the characteristics of the laminate, the 

Although the fabric weave 

weave called crowfoot satin has yielded the most compressible laminates; 
consequently I i t s  use was ind.icated. 
of TEi made it praferred to FXP as the resin. 

As mentioned earlier the lower modulus 
r e  

Testing was perfomed to deter- 
'mine the optimum thicknesses of the resin and glass plies; a resin thicknese 
of about 0.005-in. TFE film and about 0.010-in. thick crowfoot satin glass 
fabric have been determined to be the best combination. The fabrication 
technique involves the rotation of successive layers of fabric, producing a 
multiaxial laminate (see Figure 6). Such rotation, in addition to strengthening 
the laminate, also improves the compressibility properties. The compressibilities 
of the optimum construction and of a less than optimum glass reinforced lzminsta 
are shown in Figure 7 ,  where the energy absorption, which is a measure of 
compressiboility, is plotted for one, two, and ten load cycles. 

The knit glassgerformed poorly because it lost most of its mechanical cornpress- 
ibility in the lamination process. Therefore, the glass fabric is preferred. 
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Because of the mechanical compressibility of the glass 

has been conceived that has completely encap 
only'(i.e., with no internal resin). This d 

has also heen investigated. Compressibility 
td the optimum laminate design are given 'in Figure 8 .  

does exhibit superior compressibility as expected, which would make it preferred. 
However, it has the disadvantage of being weaker than the laminate design 
because the structure consists of individual plies of glass that are unattached. 

Note 'that this design 

- 

The strength requirements of a particular gasket application must 
choice of gasket material. 

influence the 

Metal substrates that were considered and tested as reinforcement 
laminate included perforated corrogated aluminum, stainless steel 

of several meshes, and knit st?inless steel. All of these proved 

t o  the optimum glass reinforced laminate (see Figure 9 for energy 

for  the 
screening 
to be inferior 

absorption 
curves, comparing the best glass reinforced laminate with the best metal rein- 

forced laminate). 

Glass spirally wound gaskets were fabricated and tested. FEP was used for the 
resin, because a wetting of the glass fibers was required to provide structural 
integrity. 

optimum glass reinforced laminate are given in Figure 10. 
for the spirally wound gasket is less compressible than that used in the 

laminate, and the glass roving does not have the built-i.n spring of the woven 
glass cloth, it is not surprising that the spirally wound design is less 

compressible. 

fabric laminate for small cross-section gasket applications (for example, in 
large diameter and small flange dimensions, where hoop strength becomes importznt) 

b 

The energy absorption curves for a spirally wound gasket and the 

Sincq'the resin used 

However, it does offer a distinct advantage over the glass 

The matefial currently being used for LL)X service is a styrene-butadiene 
copolymer reinforced with asbestos fiber. This material is not LOX-coqatible 

and must be impregnated with fluorolube, a tedious process requiring batch-to- 
batch LOX-compatibility testing. The performance of this material, compared 
with the optimum glass reinforced laminate,'is shown in Figure 11. Note the 
superior compressibflity characteristics of the newly developed material. 
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When specimens were cut from a glass reinforced TFZ laminate, the inner and 

outer circumference surfaces exposed glass fibers. Since the resin has not 

melted, the glass is still dry. 

to soak through the gasket radially. 
encapsulation of the inside circumference surface was desired. 
fabrication of FEP meant that it was preferred for encapsulation. Hoisture 
and contamination still had access to the gasket, fiowsver, through the outside 

circumference surface. Tests confirmed the hypothesis that moisture would 
reduce the compressibility at cryogenic conditions. 

This would allow the contained gas or liquid 

To prevent this type of leakzge, 
The easier 

Therefore, encapsulation 
of both circumferential surfaces, locking out all moisture and contiinination, 
was adopted. Laminates are fabricated with glass fabric plies on the outer 

layers. Specimens are then cut from th2 laminates and all exposed surfaces 
are covered with FEP resin. 
developed. 

is a photograph of an enlarged crosssection of a gasket, showing the TFE an6 
glass plies totally encapsulated with FEP resin. 

The leak-sealing ability of the various candidate constructions was measured 
at room temperature by inserting the test specimen between flanges and increasing 
the load to 3000 psi. 
with gaseous nitrogen, the pressure source locked off, and the flange load 
drqpped until a leak occurred, 

the internal pressure gave the gasket llml' factor. It is thought that "m" factors 

Totally encapsulated gaskets have thus been 

Figure 12 is a photograph of an encapsulated gasket and Figure 13 

8, 

The gasket was then internally pressurized to 200 psi 

The flange pressure at initial leak divided by 

smaller than one can only be attained by pressure-energized or bonded gaskets, 

neither of which was considered during this program. The leak-sealing ability 
of the gaskets was measured at cryogenic temperatures in the same fashion, 

except that after loading the gasket to 3000 psi at room'temperature, the 
gasket and fixture were cooled to 76°K with liquid nitrogen. 

procedure was unchanged. With these tests, "m" factors as low as 1.31 at room 
temperature and as low as 1.56 at 76°K have been obtained from Teflon-glass 
gaskets. The gasket material currently being used, an asbestos-reinforced 
rubber treated with a fluorocarbon oil, yielded an r'snrc factor of 1.30 at roon 

temperature. At 76"R, no seal was obtained at a flange pressure of 3000 psi. 

The remaining 

i 
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In each of these tests, a drop of 5 psi in internal pressure was considered 
the leak point; however, since the pressurized volume of the gasket, tubing, 

and valves was only 0.4 cu in., the actual gaseous leakage was quite small. 

Since both leak tests were concerned only with gross leakage, and since 

normally a gasket with repeatable high energy a5sorption characteristics 
exhibited the best leak-sealing ability, the energy absorption test was given 
added weight for the purpose of selecting the optimum combination of materials. 

Since the ASME "m" factor is the ratio of flange pressure at the point of leak 
to the internal pressure, it cannot be used to predict a gasketing material's 
leak-sealing ability. 
tion the size of the gasket, the pressure to be sealed, and the physical 
properties of the material under consideration. 

An approach was desired which would take into considera- 

Using the following nomenclature for Figure 14, this development is suxrarized. 

b 
Nomenclature (see Figure 14) 

a =  
b =  

g =  
Pi = 

Po = 

Pf = 
E =  
b =  
e =  

v =  
a =  

gasket inside radius 
gasket outside radius' 
gasket thickness (unconpressed) 
inside pressure 
outside pressure 

flange pressure 
modulus of elasticity 

compressed gasket thickness 

strain 
Poisson's ratio 
normal stress 

The approach taken concerns the gasket only, ignoring f o r  the mcnent the 
1 flange pressure and considering the pressure differential between the inside 
and outside conditions as the only loading. 

the normal stresses developed transverse,to tha gasket. 
minimum value of flange pressure required to contain the internal pressure. 
(See Figure 15 .> 

This allows the determination of 
. 

This represents the 
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Using the Cylindrical Coordinates r ,  8, 2: 

Pia - p,b2 

b - a  
. -  

2 2 2 
- 

b 2 2  - a  r ‘r - 

2 Pia - Po b2 - 

2 2  - 2  r b2 , . a 2  
be = -  

b - a  

(Solution from Lad; see Reference 4 )  

psia in space. At all tines, 
times. Equations (1) and ( 2 )  

will be zero psig at launch znd zero ’ Po For the launch vehicle application 
pi>> po so that po may be taken as zero at all 
then simplify to 

2 
a Pi u r = - 2 2  (b 
b -a 

2 

2 2  ue = - 
b -a 

Inserting equations (3)  and ( 4 )  into Hcoke’s Law: 

(3) 

tr 

( 4 )  

yields 
2 

6 = +-- Cla Pi ( 
2 b -a r r 
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Now impose the condi t ion t h a t  the s t r a i n  be equal t o  the  change i n  gasket 

thickness divi'ded by the o r ig ina l  thickness:  

Subs t i t u t ing  (7 )  i n t o  (6): 

The flange pressure must a t  l e a s t  equal t h i s  normal s t r e s s  t o  maintain a 
s e a l .  G 

Pf O Z  (9 1 

From equations (8) and ( 9 ) ,  therefore ,  the  requir2d flar:g= pres,sura i s  a. 

function of the  gasket dimensions (a,  b ,  g) the gasket proFLrties (E,  b , p) 
and the  loading (pi) .  

This der iva t ion  has been based OR the theory of e l a s t i c i t y ]  which requi res  

materials tha t  are e l a s t i c ,  i s o t r o p i c ,  and homogeneous. However, Goodman 

(Reference 5 )  stzres t h a t  "subs tan t ia l  p l a s t i c  flow of a t  least  one of the  

mater ia l s  at the seal in t e r f ace  i s  necessary for  zero leakage." 

therefore  des i rab le  t h a t  the  gasket be loaded beyond i t s  y i e l d  point .  

would mean t h a t  the theory of p l a s t i c i t y ,  r a t h e r  than e l a s t i c i t y ,  wduld apply. 

However, opinion i s  t h a t  using the  inequal i ty  s ign  i n  equation (9) would place 

tbe gasket i n  the p l a s t i c  range. 

i n  the  equation should overcome t h i s  d i f f i c u l t y .  

It i s  

This  

Therefore] disregarding the  equal i ty  s ign  
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Most gasket mater ia l s ,  including those developed 'by Narmco Research & Development, 

are ne i ther  i so t rop ic  nor homogeneous. Nevertheless,  the be l i e f  i s  t h a t  e f f ec -  

t ive E ' s  and g ' s  can be determined i n  the  appropriate  d i r ec t ions  so t h a t  

equation (8) may s t i l l  be appl ied.  

I n  addi t ion  t o  the s m a l l  gasket used t o  evaluate  candidate construct ions 

(see Figure 16 for  gasket being placed i n  encapsulation f i x t u r e ) ,  the program 

has recent ly  included gaskets of la rger  dimensions. Figure 17  shows z set of 

these  three  gaskets being reilloved from the encapsulation f i x t u r e .  

t i o n  -o€ these  gaskets i s  the  optimum g la s s  re inforced  laminate design. 

The t e s t i n g  of these three s i zes  of gaskets,  i n  addi t ion t o  providing data  fo r  

comparison with the gasket mater ia l  cu r ren t ly  being used, w i l l  be used t o  

provide experimental v e r i f i c a t i o n  of equation (8) derived above. See Figure 18 
fo r - the  assembly of the tes t  f i x t u r e  for  the  smallest  of the  three  gaskets;  

Figure 19 fo r  the bo l t ing  down of the j o i n t  (note leads from load ind ica t ing  

The construc- 

b o l t s ) ,  and Figure 20 fo r  ac tua l  t es t .  

The optimum gasket ' designs developed for  LOX serv4fe will be inves t iga ted  fo r  

possible  1iqui.d hydrogen appl icat ion.  It i s  expected tha t  t h i s  more severe 

environment w i l l  f u r the r  reduce the compressibi l i ty  of the  gasket rnatcrials.  

However, the  glass-Teflon gaskets w i l l  probably maintain an adequate sea l .  

The knowledge gained from t h i s  program has already found appricat ion t o  another 

problem - the  sea l ing  of LOX valves .  

r Q  

Although tho appl ica t ion  i s  qui te  d i f f e r e n t ,  

the  g l a s s  re inforced Teflon design appears t o  be a good so lu t ion .  Whittaker 

Controls and Guidance Company, a sister d iv is ion  of Narmco Research & Development 

i n  Telecomputing Corporation, i s  developing a s e r i e s  of valves  fo r  L O X  service.  

Narmco has designed a Teflon-glass laminate s e a l  for  a 17411. valve (see Figures 21 

and 22) and has fabr ica ted  seals for  4-in. and 10-in. valves (see Figures 23 

through 2 8 ) .  

condition g rea t ly  improves sea l ing  because it allows more de f l ec t ion  o f  c r i t i c a l  

p a r t s ,  such as the v i zo r ,  while s t i l l  maintaining a s e a l .  

The conpres s ib i l i t y  of the Teflon-glass laminate a t  the cryogenic 

Preliminary t e s t i n g  of the 4- in-  and 10-in. valves which u t i l i z e  the glass- 

Teflon sea l  design ind ica tes  t h a t  leakage r a t e s  approaching zero 'can be obtained. 
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FIGURE 14. TYPICAL JOINT SECTION 
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TEFLON-GLASS LAMINATE SEAL 7 

FIGURE 22. SECTION "A" WIPER SEAL 
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1. Introduction 

If the fluid connector problem is viewed as involving three areas of 
study, (1) the leakage of a fluid through passages at the interface between 
two sealing surfaces, (2) the design response of the supporting structure 
which positions the sealing surfaces, and (3) the environmental conditions which 
the system will encounter, it is seen that the basic leakage phenomenon is that 
of area (1). 
past less analytical and experimental consideration than the others. While 
some flange geometries and a few mechanical devices have been deter9ined which 
will cause a gasket-flange system to respond in a certain manner under various 
environinental conditions, our knowledge to date of the interface phenomenon 
has been extremely limited, Hence the investigation described herein has been 
undertaken - that of experimentally describing the leakage phenomenon in terms 
of a limited number of meaningful parameters. 

Parameters which naturally suggest themselves are the gas (or liquid) 
pressure differential& existing across the seal, the stress applied to the 
gasket, and the rate of leakage through the connector. In this paper, the 
leakage L is measured as a volumetric rate - atmosphere cubic centimeters per 
second. The stress referred to as a parameter is applied normally to the 
surface of a flat annular gasket and is an average value over the surface; 
hence, a nominal normal stress Q is used. 

It is also noted that this area of study has received in the 

The above three parameters are, of course, inadequate to completely 
describe the phenomenon. 
the gasket and the "flanges". 
materials and the resultant conclusions for cestain materials, it appears more 
basic to consider material properties as paramzters rather than the sealing 
characteristics of particular materials. Thus, two material properties - 
yield strength and the strain hardening property - are referenced'. Each 
material can be described in terms of these; whatever conclusions can be 
drawn for a material with a given combination of yield strength and strain 
hardenability, it is hoped can be drawn for other materials with similar 
properties. The strain hardenability can be written in terms of a Neyer 
strain hardening number n, and the yield strength may be called Y. 
internal pressure, stress applied to the gasket, the leakage, and the gasket 

requires a knowledge of surface finish of the mating surfaces. 
last parameter to be included will be the surface finish, S.F. 

Some quantitative parameters must be used to describe 
Rather than the consideration of "conpati3le" 

Aside from 

. and 'If lange" material propert'ies, consideration of the leakage phenomenon 
Hence, the 

Thus, the desired result would be a relationship such as, 

L = f (Y,n,cr,Ap,S.F.) 

The main effort in the experimental program has been to measure accurately, 
for a given combinatioh of gasket material properties and sealing surface 
finish, the relationship between leakage through such a sealing system as 
functions of gasket load and internal pressure. 
conceived to promote a greater understanding of the leakage phenomenon itself. 
Since analyses have shown that the fundamental leakage phenomenon can be studied 

Such an experiment has been 



in terms of a limited number of parameters which do not include the response 
of the supporting structure, the experimental apparatus used to study the 
leakage problem has been designed to exclude the problems 6f flange deformation, 
belt load non-uniformity and relaxation. The concept of the experimental 
work'has been to isolate the leakage phenomenon in terms of those parameters, 
mentioned above, which are absolutely needed to evaluate the problem, namely, 
sealing.surface finish, material properties, gasket stress, and internal 
pressure. Hence, the task assigned to such an experimental apparatus is to: 

(a) Support two sealing surfaces in such a manner that the inherent 
flexibility of the sealing surface materizl will be present, but such 
that no geometric flexibilities are present. 
parallel, one above the other, such that a flat annular gasket can be 
compressed between them. , 

(b) Provide a means of compressing the annular gasket uniformly between 
the sealing sdrfaces. 
tude and uniformity of gaskef: compression. The compressive load should 
be applied under control at known levels. 

(e) Provide a means of internally pressurizing the sealing system with 
helium. It should be possible to vary the pressure through a given 
range, and also to maintain such a pressure over finite time intervals, 

(d) Provide a means to measure quantitative19 the leakage of helium 
through the gasket system. 

. The surfaces should be 

Means should be available to monitor the magni- 

In line with the above objectives, an experimental apparatus was designed and 
is described in the following section. 
in Section3. r Q  

The experimental procedure is outlined 

i 2. Experimental Apparatus 

The entire leak test apparatus is shown in Figure 1 and the ensuing 
photographs. 

Components (3) and (4) (the head and body) have machined or ground onto 
them the prescribed test surface finishes, locations (12) and (13). Item (11) 
is a locator pin to insure that the head and body seat concentrically. Two 
safety devices are incorporated, an internal safety ring (2) to protect the 

. vacuum bellows (6) and an external safety ring (7)-to protect the experimenters 
in case of a catastrophic gasket failure at high pressure. 

The testing machine used for the applications of load was a Baldwin 
Southwark load-regulated testing machine with a 60,000-pound capacity. 
machine has been equipped yith a load maintaining device to allow testing of 
gaskets at given load over long time periods. 

The 

Figure 2 shows the test body surmounted by the test gasket in the correct 
test position. 
locate the mzting head. 
position to monitor gasket deflection, 

Two locating pins are placed in drilled holes to properly 

Shown to the left of the photo is the 
Three linear differential transformers are shown in 
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vacuum line which draws all helium leaked through the seal to a mass 
spectrometer. The electrical leads shown are for the differential transfomers. 

Figure 3 shows the internal test facility ready for operation. Affixed 
to the head are three linear differential transformer cores which ride freely 
in the transformers themselves. The safety ring is shown in position in the 
gasket region between head and body. The rectangular grooves in the head (and 
body) are for positioning the pieces exactly on the "Talysurf" profile record- 
ing device. The internal helium pressurizing system is partial-ly-shown. The 
valve and tube in the upper right-hand corner of the photo are the purge line 
and outlet valve. 
passages for helium flow - inward and outward. 
hand corner is the inlet tube, which has an inlet valve. A helicoid pressure 
gage,a'a dry gas filter and a pressure regulator mounted on a 2000 psi helium 
tank complete the pressurizing system. The dry gas filter used will prevent 
passage of 98% of all particles 0.4'microns in diameter and 100% of all one- 
micron-diameter particles. 
nitrogen trap to insure that the gas is dry when it reaches the pressure 
chamber. 

ShoTm on the face of the sealing surface are.the two 
The tube in the lower left- 

The helium line is a l so  passed through a liquid 

The final photograph, Figure 4 shows the entire testing facility, including 
the testing machine, linear differential transformer instrumentation, General 
Electric mass spectrometer leak detector (supplemented by a Kiethley 410 
micro-microammeter), and the apparatus already described. 

c 
In order to measure accurately the leakage from the gasket system, a 

vacuum is drawn between the outside of the seal and the flexible bellows. 
constant pum?ing action draws the helium Eolecules escaping from the seal into 
the Leak detector. A vacuum of approximately 4 microns of mercury can be 
attained within the bellows after the system has been made 1eakt:ght itself. 
The leak detector ideally produces a current proportional to the number of 
helium molecules passing through it. However, the sensitivity of the system 
varies from day to day slightly, and the absolute ratio factor between leakage 
and current is not initially known. Thus, a daily calibration was made on the 
leak measuring equipment. 

A 

Six constant-value leaks have been manufactured. Each day, prior to and 
after leakage measurenents on the test facility, each leak was placed in the 
leak detector system, and a value of current associated with that leak was 
recorded. 

A separate endeavor was made to evaluate the size of the six leaks by 
other means. By the method of causing a one-atmosphere pressure differential 
across the leak, helium was made to flow through the leak. The volume from 
which the helium flows is maintained constant by allowing a slug of liquid to 
flow through an affixed capillary tube toward the leak to make up the volume 
lost by flow through the leak. 
capillary slug, the leakage flow rate was ascertained. 

By monitoring the rate of motion of the 

This study was successful in evaluating standard leaks through a range 
of four decades. A constant ratio was found to exist between leakage and 
current. Hence, a calibration curve for each day was determined. Extra- 
polation of the linear curve was necessary in'the cc/sec leak range. A 
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I 

I 
FIGURE 1 Schemt ic  of Leak Teat Apparatus 

c 
NOTES H EL? TEST A?P>.?ATUS 

Three standard Schaeviez V8rhb la  d i f f e ren t f a l  transformere, mZel  
100-KS-L. located 120° apar t  - to meabure u n i f o m i t y  and eranieude 
of  gasket coqres s ion .  

Safe ty  cy l indar  - pl rccd  o u p i d e  gasket-sealing sur face  ry r t en  to 
prevent daenge t o  apporarue by A eudden gasket blovouc. 

, ' 
/ 

Kead of  r ea l ing  rur face  f i x t u r e  - ha# c i r e u r f c r e n t i a l  l i p  t o  support 
S thaev i t t  trdnsforper cores.  

Sody o f  aca l ing  sur face  f i x t u r e  - hoe l i p  t o  support S c b e v i t s  trms- 
foruerr. 

Gasket to  be teated.  

Yacurrm eyetem - a U.S. Flexib le  Bellow. 
a cover p l a t e  and ba le  rina. 

Hats1 cy l indar  placed around syaten &a a sa fe ty  precaction in ths  
event of  gasket blovout. 

Prec is ion  e430 0-Rings - f o r  sea l fng  vacwm system. 

Three W W O L  miniature socket and plug No. 78 5 - 6 4  and 7 1 4 .  with 
r e t a ine r  r ings  - t o  receive leads f ron  Schaevitr  t ransforaers .  

Instrumentation r ing r  - has th ree  SlQPAICDPP multiterminal g l a s s  heeders, 
CAT. No. 971606. to  receive leads from Schaevitz tranaformers; has o r i f i c e  
fo r  vacuum p u q .  

Two hole5 d r i l l e d  i n  t i x tu re  body and.heed, ou ts ide  gauket l i v e  - t o  
receive ptns to  loca te  head and body pos i t ive ly .  

( s t a in l e se  a t e e l i  welded t o  

Sea l ing  sur face  of f ix tu re  body - can be re f in i shed  eevera l  times t o  
desired roughness. 

Sea l ing  surface of f ix tu re  head - can be re f in i shed  severa l  times to  
des i red  roughness. 

Two holes d r i l l e d  ax ia l ly  i n  f ix tu re  body, each t o  an o r i f i c e  in the 
body base - one fo r  pressuring system with helium and one for purgins 
air  from system. 

X on movable crosshead of t e s t ing  machine denotes point thrcugh which load 
passes ( b a l l  and scckec f ixrure) .  
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FIGURE 2 Body of leakage t e s t i n g  apparatus showing l i n e a r  
d i f f e r e n t i a l  transformers i n  place, gasket r e s t i n g  
on body sea?ing surface,  and head loca t ing  pins.  

4 

FIGURE 3 Leakage t e s t i n g  apparatus (without vacuum container) ,  
showing linear d i f f e r e n t i a l  transformers conEected 

region. 
,to head and body. Safety 2yl inder  surrounds gasket 
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typical resulting calibration curve is shown in Figure 5. 

3.  Test Procedure 

For any given experiment, the sealing surface material, gasket material 
and surface finishwere fixed. 
normal load ? applied to the system and the internal pressure pi (helium) within 
the system. 

The variables of each test then became the 

The data gained from the experiment is the leakage for various 
combinations of P and pi .  

1 

' I  
' i  
' I  
I 1  
' I  
' I  
1 1  

H source 

-73-  
. FIG. 6 

LEAKAGE 

1( 

r Q  

A LEAKAGE FLON PATH (schematic) 

The chronological order with which load and internal pressure are applied 
becomes important in the evaluation of the data. 

In each experiment three phenomena, referenced phase I, I1 and 111, 
which could occur in a bolted connector were reproduced in the test. 

Phase I 

A vacuum is drawn around the outside of the connector system. A helium 
flush is maintained within the system; hence, a one atmosphere p-ressure 
differential exists across the potential leak. 
applied in incrernents as the reduction of leakage at each increment is recorded. 
Since the response time of the leakage measurements is in the order of several . 

The sealing load P is then 
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seconds, and the load-deflection response of the gasket is not always immediate 
(particularly in the case of lead and indium, which creep at room temperatl.tres), 
the leakage is recorded after all transients die out. 
leakage is recorded and the load increment applied is recorded. 
loads are applied until the leakage is reduced to the cc/sec range (or 
below). The object of this test is to gain information as to the mating of 
the surfaces and its effect on leakage. 

The time at which the 
Increments of 

Phase I1 

At the conclusion of Phase I, the leakage is very low; however, it is 
caused by a pressure differential of one atmosphere only. As the internal 
pressure is increased, more leakage is expected. If the gasket system has 
attaiqed a low leakage by good mating of the interfaces, then the increase in 
leakage with increasing pressure should flow a smooth curve. 
age is attained by a foreign particle in a potential leak path or by a thin 
mating barrier, then it is possible for the leakage to increase drastically 
with pressure. To insure that the low leakage is due to proper mating and to 
gain a leakaga-pressure relationship for a given applied normal stress, Phase I1 
is included in the test. Pressure p is increased in increments up to 1150 psi. i The leakage-internal pressure relation also shows whether the leakage flov is 
in the viscous or molecular range. (Viscous flow exhibits a leakage-pressure 
squared relationship while molecular flow shows a linear leakage-pressure 
relation). 

If the low leak- 

r, 
It can be adjudged from the Phase I1 test how good a seal exists under 

the terminal mating and peak stress for a practical. internal pressure. 
certain conditions these data can be extrapolated to show leakage for even 
higher internal pressures. 

Under 

I 

It must be noted that the nominal noma1 gasket stress is not kept truly 
constant during the test; however, it does not vary by m r e  than about 10%. 
As the internal pressure is increased, the resultant downward force for a given 
testing machine load decreases by the (pressure X area) vertical Load. However, 
to show the phenomenon, the normal stress can be assumed constant. 

Phase 111 

In a conventional flat gasket connector, a common occurence is that the 
Such can occur due to creep of normal loed on a gasket decreases with time. 

the bolt, creep of the gasket, external forces being applied, changes in 
temperature, changes in internal pressure, and a host of other phenomena. 

Hence, for a given plastic deformation of a gasket (which has deformed to 
attain a low leakage rate of the joint), it is of interest to discern the 
sensitivity of the joint to removal of load. Thus, Phase I11 consists of 
removal of normal load in increments while recording the leakage at each stage. 
To reduce the possibility of a "catastrophic tragedy'' should the seal blow out, 
the internal pressure is reduced to 500 psi (or lower in some tests). 
at a constant pressure, load is removed down to approximately twice the internal- 
pressure vertical load (for safety reasons). 

Hence, 



FIG. 7 

TESTING PROCEDURE 4 
I 

max. internal 
pressure 

4 .  

~l I 4 End of Test 

I 1  b- 
14.7 500 11.50 

4.1 Sealing-Surface Materials 
L : Two materials were selected for use as sealing surfaces (flange materials). 

Both are currently in use in connector test facilities at the G. C. Nzwshall 
Space Flight Center. They are: 

(1) 347 stainless steel 
(2) 2024(24S)T4 aluminum f 

The steel used is a tough, difficult-to-machine material with an ASTM listed 
yield strength of from 35,000 to 40,000 psi. 
yield strength of 47,000 psi. 
yield strength of the specimens used in leakage tests, room-temperature tensile 
tests were accomplished on one-half-inch-diameter specimzns of each material. 
Normal room-temperature ASTP.1 testing procedure was utilized. 
yield strengths were evaluated for each material - the 0.2% yield strength and 
the 0.02% yield strength. The tensile strength was also evaluated in the same 
experiment.. Table I lists the resultant strength properties. 

The aluminum has an ASTM listed 
Po insure a precise knowledge of the actual 

Two standard 

TABLE 1 SEALING SURFACE MATERIALS 

0.02% Yield 0.2% Yield Tensile 
Materia 1 Strength Strength Strength 

347 S.S. 30,750 psi 39,125 psi 85,000 psi 
2024(24S)T4 
a luminurn 50,000 psi 51,750 psi 69,000 psi 
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k .2  . Metal Gaskets 

All gasket metals utilized were much weaker than the materials used for 
sealing surfaces. Five metals have been.u 

1. Indium 99.97% pure 
2. Lead , 99.90+% pure, A S W  B29.55 
3. Aluminum 99.64% pure, 1060-0 Temper. ASR.1209-61 
4. Copper 99.9+% pure, federal specification QQ-C-576 
5 .  Nickel 99.4% pure, AS724 B160-58T 

Material for gaskets was procured in flat stock. 
for these metals have been gained from specimens cut from flat stock. 
the gaskets cut from the stock are loaded normal to the plane of the stock, . 
the possibility of the yield strength being different for the application and 
the test exists. 

Hence, yield strength data 
Since 

-* 

Anisotropy of st;ength of flat rolled stock is possible. 

However, tensile test data are indicative of relative strength. Experi- 
mental results of tensile data are shown in Table 11. 

TABLE I1 GASKET KETAL STREEY’GTHS 

0.02% Yield 0..2% Yield Tensile - Metal Stress Stress Strength 
Ind iura 4.1 psi 82 psi 202 psi 
Lead 1040 psi 1425 psi 2000 psi 

4400 psi 10000 psi Aluminum 3388 psi 
Copper 6140 psi 7770 psi 29100 psi 
Nickel 10200 psi 13230 psi 4530% psi 

$4 

L 

The tensile tests for indium and lead were done as prescribed in ASTM 
I Standard 1961, Part 3, ASTM Designation E21-58T (tensile tests for metals at 

high temperatures). 
prescribed rate of strain was employed consistent with rates for other metals 
tested within their creep ranges. 

Since at room temperature, indium and lead creep, a 

The approximate yield strengths of the actual gasket materials used can 
be obtained.also by inspection of the load-deflection curve associated with 
the leakage experiment. Since three linear differential transformers were 
used around the periphery of the gasket to monitor the uniformity of gasket 
compression, it i s  possible to ascertain the location of the yield point of 
the gasket material loaded normal to the plane of the gasket. 
effects of anisotropy of the gasket material will not be seen. 
tensrle tests conducted on specimens cut in the plane of the gasket give the 
yield stress in that direction, but offer no guarantee that the characteristics 
are the same for the material used as a gasket, the evaluation of a yield 
strength during the actual leakage test provides a check on the tensile test 
value and becomes a more meaningful parameter for study. 

ause of the gasket height-to-area ratio, the s3ecirnen shape is not 
r compression testing. Frict 

Hence, any 
Since the 

lays an unusually high role in the 
compression phenomenon. Also, the co sion of a flat annular gasket 
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approximates the plane strain problem; i.e., the material flow will be radial 

load-deflection data associated with the actual leak test will be approximately 
1.1 times the yield strength as measured in a normal tensile test. Of course, 
it is assumed that the yield strength does not vary from the tensile to the 
compression case. 

. only (no tangential displacement). Hence, the yield strength noted from 

* Also, any data gained from the leak test load deflection curve can be 
used only to evaluate strength properties independent on magnitude of strain 
(such as a yield strength evidenced by a distinct change in slope of the load 
deflection curve). 
the 'local deformation of surface asperities, the relationship between stress 
and strain will not resemble the true case; e.g. Young's modulus could not be 
attained. Hoi.;ever, the phenomenon does not detract from the yield-strength 
evaluation as long as the parameter is evaluated consistently for each test. 

Due to the flexibility of the supporting structure and 

For the metal-gasket leak tests, data have been accumulated concerning 
the load-deflection relationship; load-deflect'ion curves have besn plotted for 
each of the three linear differential transformer readings for every test. 
The indium tests produced no significant data since the yielding occurred 
before enough data points could be accumulated. 

The tests utilizing lead as a gasket material produced a mzan yield 
strength of 2300 psi. 
test and hence is approxirnately 1.1 times the desiced yield strength. Thus, 
by the leak-test evaluatlon, the yield strength of lead is approximately 
2090 psi. A l s o ,  it must be steted that the selection of a yield strength by 
these means is not as refined as the selection of an 0.022 or an 0.2X yield 
strength. The method used is that of selecting the intersection of the 
extensions of two straight lines coincident uith the elastic l+e and the 
yielded load-deflection curve. The resultant load is then divided by the 
instantaneous area, thus giving a yield-strength value. 

The 2300 psi value is that gained directly from the 

Comparing this point geometrically to a similar procedure used on the 
tensile-test data, it can be seen that the method gives approximtely the 
same results as the 0.2% yield-strength criterion. - 

Hence, for the case of lead, it can be seen that anisotropy or the 
The 0.2% yield strength of the lead in the effect of friction was a factor. 

direction normal to the gasket would be approximarely 2090 psi. 
of these data to an 0.02% yield strength gives a 1525 psi magnitude. 

Extrapolation 

Similar evaluations have been made for copper, aluminum, and nickel. 
The results of each are listed in Table 111. 

FIGURE 8 DETERMIEATION OF YIELD POINT 
FRO31 CASKET CCWEESS ION TESTS 
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Y* gained directly from load-deflection curves: intersection of 

x 

extensions of elastic and plastic portions of the curves. 
same ratio of 0.02% Y.S. to Y* as in tensile test data. 

It is to be noted that the data gained from the leak tests concerning yield 
point are averaged in the above.table. 
test to test to allow such an averaging technique in the case of metals. Since 
each gasket was cut from the same piece of material, it is reasonable to assume 
that variances are due to non-uniformity of loading, and that a single value 
of yield strength is to be expected. It is noted in all cases that the yield 
strength evidenced in leak tests is much larger than that evidenced in a 
tensile test. For lead and aluminum, the increasehis approximately 37%; for 
copper, 77%; and for nickel, 137%. Obviously, both the geonetry and large 
friction between surfaces plays a lzrge role; also, anisotropy affects each 
case differently. 

The dispersion of data was such from 

Whatever 'the reasons, the leak test results are nore indiedative of 
phenomenon of yielding during the actual test; hence, these results are 
meaningful as standards of comparison. 

Reliable strain hardening characteristics for the metals used both 
sealing surfaces and gaskets was not attained. 

the 
more 

as 

5 .  

5.1 List of Experiments 

For each metal gasket material utilized, four different sealing surfaces 
were employed.. Both 347 stainless steel and 2024(243)134 aluminum base 
material were employed for sealing surfaces. The yield strengths of each 
being much higher than the gasket yield strengths, random combinations of 
sealing-surface specimens and gasket materials were made. No attempt was 
made to match a particular gasket material to a particular sealing-surface 

Efforts were made, however, to insure that the surface finishes used 
gasket were nearly identical (for a given type finish). Whenever 
ng surface was damaged in gasket compression process, a new 
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surface finish was placed on the sealing surface, 
made of each surface used to insure its adequacy and similarity with previous 

Profilomp,ter traces ware 

of that type. The four surfaces emeloyed in tha rzetal gasket tests 

Diarnmd burnished surface8 (DB) with approximately a 4 
micro-inch rfiu surface finish, diomnd burnishing accom- 
plishkd circumferentially. 
such a ourface is shown in Figure 9. 

Radially ground surface (RG), with approxhately a 55 
micro-inch sn3 finish. Grind marks run in 2-inch-dia- 
meter .WCB from the center of t h e  teat apgnratua t o  the 
edge, resulting i n  approximtely straight radf.al 
asperities across the gasket width. 
ferential profile of such a surfilce is shown in Figure 10. 

Fine circumferentially machined surface (FX); puraly concentric 
profile, no lead used in the machining process., pitch equal to 
0.002 inch, nearly a wedge-shaped profile with a 100 micro-inch 
rms finish. 

A typical radial profile of 

A typical circum- 

A typical radial profile F3 shown in Figure 11. 

h 
Coarse circumferentially niachined surfacc (Si> purely concentric- 
profile, no lead used in the machining prcczss, pitch equal to 
0.003 inch, nearly a wedge-shape2 profile with a 300 micro-inch 
m s  finish. A typical radial profLle is shown in Figure 12. 

The surface profile on the annular gaskets was recorded only. iIi &e case of 
aluminum, copper, and nickel (the three with the highest yield strengths). 
For these gaskets, the profile was a normally machined circumferential 
profile, roughly wedge-shaped, with approximately a 33 micro-inch rms finish. 
The machining was done with a normally applied lead of 0.001 inch. 
typical profile is shown i n  Figure 13. No surface machining was attempted on 
the lead and indium gaskets due to the softness of the material and the ready 
deformation of the surface under compression. 

Such a 

The initial gasket geometry was the same in all cases: 

inside diameter 
outside diameter 
thickness 0.060 0.001 in. 

0.937 * 0.0005 in. 
1.187 2 0.0005 in. 

The combinations of metal gaskets and surfaces tested, and producing useful 
data, are listed in Table IV. Early tests with indium were helpful in 
establishing experimental procedure. The Roman numerals listed are the test 
numbers. 



FIGURE 9 

Vpical radial profile of dianiond 
burnished sealing surface. 

Vertical Scale: 10 micro-inches 
between light lines. 

Horizontal scale: 0.01 inch 
between heavy linen. 

FIGURE 10 
Typical circumferential profile 
of radially ground sealing silrfal 

Vertical Scale: 50 micro-inches 

Horizontal Scale: 0.01 inch 

between l i g h t  lines. 

between heavy lines. 
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FIGURE 11 

Typical radial profile of fine 
machined sealing surface. 

Vertical Scale: 50 micro-inches 
betwepn light lines. 

Horizontal Scale: 0.01 inch 
be tween heavy lines. 

FIGURE 12 

Typical radial profile of coarse 
machined sealing surface. 

Vertical Scale: 100 micro-inches 
between light lines. 

Horizontal Scale : 0.01 inch 
between heavy lines. 
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FIGURE 13 

Typical radial profile of Al, Cu 
and Ni gaskets. 

Vertical Scale: 50 micro-inches 

Horizontal Scale: 0.01 inch 

between light lines. 
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TABLE IV MATERIAL- SUKFACE FINISH COXHXATIOXS . 

Lead 

Aluminum 

Copper 
.'Ni cke 1 

fjealing Surface 1 347 S.S. 

IX 

X 

Jrface Finis 
R.G. F.M, 7 
XVI I 

C.M. 

:VI11 
x IX 

1 2024(24S)T4 A 1  

5.2 Experimental Leakage Rates 

During Phase I, leakage rate varies as a function of the increasing 
nominal gasket stress. 
meaningful parameter is the yield strength of the gasket material, the stress 
has been normalized by division of each stress by the yield strength of the 
gasket material under test. During each test, two parameters have, by 
necessity, been constant: surface finish of the seating surfaces and gasket 
material. Hence, it is of interest to observe the effect of each of these 
when making coinparisons. As is described in Section 4.2 the stress at which 
yielding occurred during the tests varied as compared with the yield strength 
as  determined by tensile t e s t s .  Thus, for Phase I data, the coapressive yield 
stress as determined during the tests T.:BS used as a normalizing,factor. The 
Phase I results are plotted in Figs. 14 through 17. Were the.same data to be 
plotted with the results of a given gasket material grouped on a sheet: (thus, 
encompassing several surface finishes), the turves- would not appear similar 
i.11 shape; nor would they group roughly together. 

Since the quantity to be viewed as a possible 

hring Phase 11, the leakage rate varied as a function of the internal 
pressure. In each case, the internal pressure at the start of Phase I1 was 
14.7 psi. 
However, in some cases, such a peak could not be attained due to extremely 
high leakage rates at lower pressures. Also,  in some cases, no increase in 
leakage was evidenced until the internal pressure exceeded 14.7 psi by a 
large amount. 
due to the c1osing.off of some passages. 

In all cases, 1150 psi was a goal for the ultimate pressure. 

In still other cases, leakage dropped off at high pressures 

For Phase 111, in which the sensitivity of the seal to decreasing normal 
Load is explored, the leakage rate is measured as a function of normal gasket 
load. 
arbitrary valug of 500 pst. 
In this case, the stress has been normalized by the tensile-test yield 
strengths. It must be noted that,'chronologically, the events graphed read 
from right to left, i.e., from high stress toward low stress. The results 
of Phase I11 are plotted in Figs. 18 through 21. 

2 6 3  

During this phase, the internal pressure was maintained at an 
The data are grou?ed by sealing-surface finish. 
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5.3 Visual Inspection of Mated Surfaces 

Each sealing surface, regardless of surface finish, was'marked with a 
stylus in four locations prior to the leakage experiment. The narks were 
positioned, one in each quadrant, such that they lay either near the center 
of the gasket area or at a point near a gasket edge. 
was very mill coqared with the gasket width, thus precluding a potential 
continuous leakage path across the seal. 

In all cases, the mark 

-__ 

During chz gasket compression, the entire sealing surfece was impressed 
onto the gaskets to a certain degree. The stylus mark also became a feature 
on the gasket, Hence, upon completion of the leakage experiment, inspection 
and comarison of both the gasket surface and the sealing surface could be 
made' at four points of mating. 
mating of the surfaces could be exanined. 
magnification photographs were take; of both sealing surfeces and both sides of 
the gasket. Where possible, interference photos were taken (not possible when 
the sealing surface wed extrerzcly rough), 
ation concerning the degree of mating attained in the experiments. 
paper, however, only those photographs are presented which illustrate the lack 
of uniformity of mating across the interface. 

In area3 near the stylus mrrk, the actual 
Such w3s done in a l l  cases; high- 

All of the photographs yielded inform- 
In this 

Figures 22 through 25 show an aluminum gasket after a leakage test with 
Two locations are shown, 

A compariscn 
a radially ground stainless-steel sealing surface, 
one near the center of the gasket area, and one ne& the edge. 
can be made as to the variation ir. mating at the two locations. Three 
different magnifications are shown to illustrate the phenomenon. 

6.. 

that 

Experimental Observations 

6.1 Experimental Gasket Deformations 

Post-leak-test measurements of the nominal dimensions of the gaskets show 
the material deforms inwardly and outwardly to about the same extent. The 

radial deformations inward and outward were identical in all cases involving the 
stronger gasket materials (aluminum, sopper, nickel); in these cases, the 
deformation was slight, however. 

In the case of indium and lead where the deformations were great, the 
changes in' inside and outside radii were not identical but quite close. The 
change in outside radius was slightly larger than the change in inside radius. 
In these cases the ratio between normal gasket stress and internal pressure 
was not as great as in the former cases. OXence, the internal pressure had some 
effect on the gasket deformation. 

It can be concluded,.however, that in the metal gasket tests the deforn- 
ation was nearly a plane-strain phenomenon (as far as gross deformation are 

in determining the geometry of gasket deformation. 
.concerned), and that curvature and internal pressure played very small roles 

; 



FIGURE 22 Photomicrograph of aluininum gasket  a f t e r  leakage 
tes t  wi th  r a d i a l l y  ground 347 s t a i n l e s s  s t e e l  
s e a l i n g  s u r f a c e ;  - Test  XVI.  Photo near  c e n t e r  of 
gasket  width.  
Magnif icat ion:  0.0125 inch  between s c a l e  marks 
Maximum nominal normal gasket  stress - 2.52 x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 

FIGURE 23 Photomicrograph o f  aluminum gasket  a f t e r  leakage tes t  
wi th  r a d i a l l y  ground 347 s t a i n l e s s  s t e e l  s e a l i n g  
s u r f a c e ;  - Test XYI. Photo near  edge of gasket.  
Magnif icat ion:  0.0125 inch  between s c a l e  marks. I 

Maximum nominal normal gasket  stress - 2.52 x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 
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FIGURE 24 I n t e r f e r e n c e  photomicrograph  o f  aluminum g a s k e t  
a f t e r  l eakage  tes t  w i t h  r a d i a l l y  ground 367 s t a i n l e s s  
s t e e l  s e a l i n g  s u r f a c e ;  - T e s t  X V I .  Photo  near  c e n t e r  
of  g a s k e t  wedth.  Magn i f i cac ion :  0,00192 i n c h  bstween 
s c a l e  n a r k s .  I n t e r f e r e n c e  l i n e s  11.8 mic ro inches  a p a r t .  
Maximum nominal  normal gaskb t  s t ress  - 2 . 5 2  x 0.2% 
YIELD STRENGTH (LEAK TEST DATA) 

FIGURE 25 I n t e r f e r e n c e  photomicrograph o f  aluminum g a s k e t  a f t e r  
l eakage  t e s t  w i t h  r a d i a l l y  ground 3&7 s t a i n l e s s  s t e e l  
s e a l i n g  s u r f a c e ;  - T e s t  X V I .  Photo  n e a r  edge of g a s k e t .  
Magn i f i ca t ion :  0.00192 i n c h  between s c a l e  marks. 
I n t e r f e r e n c e  l i n e s  11.8 mic ro inches  a p a r t .  
Maximum normal nominal  g a s k s t  s t ress  - 2.52  x 0.2% 
YIELD STRENSTR (LEAK TSST DATA) 
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of contact showad the  o r i g i n a l  "dir ty"  inner  region and a b r igh t  outer  r i ng .  
It can be seen then t h a t  the bulk flow occurred as shown i n  F i s r e  26. 

I I 
t Original  A r d  

L 

of Contact 

FIGURE 26 

DESCRIPTION OF LARGE BULK GASXET FLOW 
(FOR NORXAL STRESS YIELD STRESS) 

From t h i s  observation, i t  i s  concluded t h a t  the f r i c t i o n  along the in t e r -  
face between gasket and sea l ing  sur face  plays a major r o l e  i n  the  a c t u a l  node 
of deformation of the gasket.  The problem of the gasket bulk f lov  then betaines 
very s imi l a r  t o  the Prandtf problem bulk flow of a purely p l a s t i c  mater ia l  
between two r i g i d  f l a t  p l a t e s .  The analogy i s  q u i t e  good i n  the case of the 
s o f t  metals and general ly  desc r ip t ive  i n  any case where the gasket y i e l d  
s t r eng th  i s  much lower t h a t  the sea l ing  surface mater ia l  y i e l d  s t rength .  

Thus, the  phenomenon of s ea l ing  - the c los ing  of the space between the 
two surfaces  - becomes a f fec ted  by the  f r i c t i o n ,  a t  l e a s t  t h a t  por t ion  of  the  
mating accomplished during gross gasket deformation. 

6.3 Variation i n  P l a s t i c  Deformation Across Gasket Width 

I f  t he  gasket - sea l ing  sur face  compression phenomenon i s  near ly  the 
same as the  Prandt l  problem phenomenon, then the  normal stress d i s t r i b u t i o n  
on the  e t  sur faces  w i l l  be of the form shown i n  Figure 27. 

I 
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The nominal normal stress is, of course, the average value of such a 
distribution, and is known from the applied load. The distribution shown is 
predicated on the gasket being purely plastic, the sealing surface being rigid, 
and the ends of the gasket being unrestrained. 

No controlled measurements on the normal stress distribution were made 
during the investigation. However, some observations show that the distri-’ 
bution is probably correct. During one test, where a nickel gasket was used 
in conjunction with a radially ground sealing surface, great difficulty was 
experienced in attaining a io7 leakage rate. Thus the gasket stress was 
increased to a maximvm value of 79,150 psi, which is 2.02 times.the 0.2% yield 
strength of the stainless steel. Hence, gross plastic deformation occurred 
in ’the head and body of the apparatus. 
under the gasket. Its profile was as shown in Figure 28. 

An annular shaped depression was formed 

STAINLESS STEEL SURFACE 

FIGUPU? 28 
DEFORMATION OF STAINLESS STEEL SEALING SURFACE 

k ’ The similarity between the depression profile and the probable stress 
distribution on the gasket surface (and therefore the steel) can be noted. 
Thus, even in the case of nickel, the strongest of the gasket materials used, 
the stress distrlbution shown in Figure 27 seems descriptive. 

Concomitant with the depression in the stainless steel in test XiI, a 
retention of the original surface finish was noted. While the stainless 
steel had deformed grossly, the surface geometry (asperity distribution) had 
not. Pre-test and post-test profilometer traces showed that the surface had 
changed very slightly. 
somewhat. The rms and CLA values of the surface had not changed appreciably 

Only the tips of the asperities had been rounded 

Such a phenomenon can be predicted from previous experimental and 
analytical work on rigid dies and plastic half spaces. 
predicts that the plastic flow will initially occur at a distance beneath 
the area of contact and to the sides a s  shown in Fig. 29. 

Slip line theory 



\ ~~~~~ STAINLESS STEEL 

'I 

FLGURE 29 
PROBABLE PLASTIC - ELASTIC REGIONS IN STAINLESS STEEL 

Such a phenomenon has some practical ramifications regarding the fluid- 
First, the stronger of the two metals will retain to a connector problem. 

great extent its surface profile. Since the weaker material (usually the 
gasket) will deforn plastically and fill the spaces between asperities on 
the stronger material, those asperities are "protected" during further 
dgformation of the system. 
material) is thus possible, even in cases where the applied stress has 
exceeded its yield stress. 
deformed, this is certainly not true), 

Re-use of the sealing surface (the stronger 

(In cases where the substructure has been grossly 

Secondly, it is illustrazed that no matter how high the normal stress, 
the surface deformation is not severe on the stronger material. oHence, it 
must be concluded that the sealing must be completely accomplished by de- 
formation of the weaker material. 
normal stresses, further deformation will occur at other than the area of 
contact (beneath the surface of the stronger material). 

It can be shown that even with higher 

The important question arising from the above observation is, "What 
effect does increasing normal stress have on the weaker material?" That 
is, can the weaker material completely mate across the area of contact? 

Results of several tests show that the degree of mating, even under 
Figures 22 through 25 illustrate extremely high stress, is not uniform. 

clearly the non-uniformity of mating. 
aluminum gasket and a radially ground stainless-steel sealing-surface material, 
The phenomenon was not limited to this particular test; however, this test 
illustrates both the non-uniformity (and distribution) of mating and other 
important phenomena 0ccurring.h Figures 22 through 25, the asperities running 
roughly horizontally constitute the pattern of asperities on the stainless 
steel. These asperities were not originally on the aluminum shown. 
vertical lines are the asperities machined onto the gasket, and constituted 
the original gasket profile. 
stylus marks originally made on the stainless steel and not originally appearing 
on the gasket material. 
in Figure 30. 

The test results shoim apply to an 

The 

The gouge marks shown in the photos are the 

The original directions of asperities are as shown 
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FIGURE 30 
SURFACE PROFILE DIRECTIONS, TEST XI1 

Upon completion of the leakage test, the gasket was removed from the 
fixture and the photos taken at locations A and B (Figure 30). 

In Figure 22, the central area A is shown; and it is obvious that the 
degree of mating is very poor. The vertical lines dominate. 
shows location B; and it can be seen here that the horizontal lines no! only 
dominate, but are the only pattern visible at the edge. It can be estlimated 
that, at the center, mating occurred over about 40% of the area and n&r the 
edge, from about 65% up to 100% at the very edge. 
in Figures 24 and 25 show that where mating did occur, at the edge or near the 
center, the mating was the same. (The variation in interference lines is the 
same magnitude). Inspection of the stainless steel surface at tha same points 
showed identical features. Two important phenomena are seen here - each very 
important in connector design. L 

Figure 23 

'he interference lines 

First, it can be seen that the best meting (sealing) does not occur at 
the point of maximum normal stress; it occurs at the edge, where normal 
stress was minimal. 
transIation took place. 
is pushed vertically onto the sealing surface, if the gasket material is 
contained (as it is at the center) the gross deformation is not large. ,This, 
theoretically, is due to a large hydrostatic condition of stress, but a small 
stress deviator, (the plastic deformation being proportional to the stress 
deviator). At the edge, where no constraint is available, the deformation is 
large, and the mating better. Here the stress levels are less; however, the 
stress deviator is large, and the hydrostatic stress is small. 

It ddes occur where the greatest amount of gross gasket 
It can be seen that, no matter how hard the gasket 

The phenommon can also be explained by viewing the mating as a function 
W'nere no shear deformation at surface was allowed, the of shear deformation. 

mating was poor. Where the surfaces "slid", one with respect to the other 
the mating was good. 

Hence, we conclude that mating of surfaces is best performed not b; 
brute-force compression, but by the shear deformation-of the softer waterial, 
Hence, geometrical configurations which utilize shear deformation as the means 
of sealing (such as knife-edge seals) have excellent prospects of success. 
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Secondly, t h i s  test (along.with o ther  tests)  i l l u s t r a t e s  tha t ,  ev& 
though the  s t ronger  mater ia l  i n  a f l a t  annular gasket geoaetry connector has 
a s p e r i t i e s  running i n  the  d i r ec t ion  of p o t e n t i a l  leakage flaw, the  prosp2cts 
of obtaining a successful  seal a r e  good. I n  t h i s  t e s t  (and o thers )  very low 
le&.ages were a t t a ined .  This is t r u e  because the " h i l l s  and valleys'' of the 
s t ronger  n a t e r i a l  no t  only a r e  paths  f o r  f l u i d  flo::, but a r e  exce l len t  paths  
f o r  p l a s t i c  flow of the  gasket mater ia l .  
geometric r e s i s t ance  to  p l a s t i c  flow a t  the i n t e r f a c e  exists .  
mating i s  qui te .goo2.  
requirecanto on f langes need not  be so severe i n  c e r t a i n  cases i f  the  
phenomenon occuring i s  understood and o f f e r s  the  type of mating tl'escribed above. 

As t he  gzsket flows outward, l i t t l e  
Hence, the 

A n  i , q o r t a n t  coro l la ry  of t h i s  i s  t h a t  sur face- f in i sh  

6.4 Evaluation of Th2.e I Leckaze 

m r i n g  P'nase I, tha t w o  p-?rameto,rs var ied  from t e s t  to tes t  w s i e  surface 
f i n i s h  and gasket in-lterial. In  order t h a t  2 coniparir;on of mater ia l s  could 
be rada,  the  stress l e v e l  a t  eachrstage was divided by the yie1.l s t r eng th  of 
tf ie gesket ms te r i a l .  Two such y io ld  s t rengths  were used; til2 f i r s t  i s  tiiat 
peasu r sd  from. a tcnsife:  t e s t  (and. would c o n s t i t u t e  2 pure r 3 t . x i 2 . 1  prrrperty 
known by the t e s t ) ,  and the second i s  the s t r e s s  l e v e l  at. which g r o s s  y ie ld ing  
occurred dviring the  leakage experiment, This, of course, i s  also a funct ion 
not  only of thr, mater ia l  p roper t ies  but a l so  of the  geomctry of tila gasket and 
the  f r i c t i o n  a t  the  in t e r f ace  between gasket and sea l ing  sur face .  

Cozparing curve shapes f o r  all t e s t s  conductej?, i t  becomes apparent t ha t  
sur face  f i n i s h  has a l a rge r  r o l e  thari the defos;nat$on p rope r t i e s  of the 
mater ia l s .  It can be said,  i n  general ,  t h a t  t r aces  f o r  a given surface f i n i s h  
a r e  s imi l a r  i n  shape regard less  of  the  gasket mater ia l  used. 

When the y ie ld-s t rength  data  from t e n s i l e  t e s t s  were used  as a norrilalizing 
f ac to r ,  the spzead i n  curves f o r  E? given surface f i n i s h  was grea t .  However, 
when the compressive y i e l d  s t r e s s  as determined during the  lkak tests was used, 
the  curves become much c lose r  i n  a l l  cases,  and the following s t a t emmts  can 

For the  diaimnd burnished surface tests the leakcge rate 
reached 
s t r e s s  was reached f o r  a l l  cases.  The s teepes t  s lope of 
tfie leakage s t r e s s  curve occurred a t  stress l eve l s  of ebout 
.25 t i m e s  the  y i e ld  s t r e s s .  

For the r a d i a l l y  groucd case,  the sudden increase i n  leskage 
r a t e  occurred between 1.25 and 1 .5  times the y i e l d  s t rength .  
Seal ing to the degree of 10-6 atm cc/sec vas atto.ined i n  a l l  
cases by a stress l e v e l  of 2 . 1  times the  yLeLd s t rength .  

atm cc/$ec by the time 1 . 6  t i m s s  the  y i e l d  

For the  f i n e  machined surface,  the sea l ing  occurred a t  about 
the y i e l d  streas i n  two cases,  and a t  1.30  times the  y i e ld  
stress i n  another.  

Again, the  caarsz  rzchin ing  surface tests yielded vide 
s c a t t e r ,  two t e s t s  seal ing-zt  about 1 . 7  tines the  y i e l d  
stress and one a t  about 5 t i m e s  the  y i e ld  stress, 



Thus, in all cases oxce?t for one coarse machined surface case, szaling 
to 10-6 atm cc/sec was- attained by the time the stress level was equal to 
2.1 times the yield stress. Thus twice the yield stress (where the yield 
stress is identified as the point of initiation of bulk yielding of the 
gasket) appears to be a reasonable minimum value of stress for general flat 
annular gasket u3e (across a one atmosphere pressure differential). 

6.5 Evaluation of Phase II Lcakase 

The meaningful information found in Phase 11 is t h e  sensitivity of the 
leakage to internal pressure. Can data gained at a one-atmosphere pressure 
differential be used when the pressure is increased? 

Results show that the lead and indium (soft metals) are very insensitive 
to pressure, regardless of surfaces used. The xost sensitive is tha rzdZaLly 
ground. surface, 
f r o m  the tests concluded, One inportant fact shown in Phase I1 is that the 
curves are generally smooth, indicating that a solid mating has beer! attained, 
and no "blowout" occwred during the test. The conchston gained f r o m  this 
phase is that insensitivity to pressure can only be assured when very soft 
gaskets are utilized. 

Whether the leak was molecular or viscous cannot be determined 

Loads found from Phase I for swill leakages must be increased to insure 
sealing at higher internal pressures. However, it wa.s noted on several tests 
that the increase of load at the close of Phase I1 to cause the leak t o  drop was 
not too great, never an increment more than 0.25 ti%es the yield stress. 

6 . 6  Evaluation of Phase I11 Leakage 

A very important consideration in any connector is what happens when the 
initial sealing stress decreases. Will the seal open? Phase IIIores 
answer this question. From the graphs showing leakage as a fesult o f  decreasing 

can be concluded that, 

If a very soft gasket is used, and mating is nearly completed 
over the apparent area (large plastic deformations), the 
connector will be almost completely insensitive to reduction 
of.stress. 

As the gasket material beccms stronger, and the defor~ation 
is, to a great degree elastic, the seal will be very sensitive 
to loss of stress. 

The coarse surface finish tests, where sealing occurred only 
at points, show that the seal is extremely sensitive, 

For smooth surfades, the sensitivity is less. 

most iqortant factor is the anaunt of plastic flow i.n the system at 
the time. If the plastic flow is the factor governing leakage, then the seal 
will be generally insensitive. 
in material strengths or by surface geometry. 

The plastic flow can be caused by the disparity 
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1 f I- 

* I. - 

2. 

' 3. 

4 .  

5. 

Tine groua defomationv of the flat annular gaskats obey plane 
strain criteria. - 

If the sealing of a gasket systein is caused 'by plastic flow of 
the materials mated, then the seal is very insensitive to 
removal of the deformation-causing stress. 

When gasket normal stresses are so sesere as to cause gross 
sealing surface distortion, the surface asperities tend to be 
preserved. 

'The stress on the gasket is highest at: the middle of the gasket 
width and becomes less a t  the edge. 

Observations nhow that sealing of ail annular gasket-sealing 
surface system is possible even when the asperities on the 
stronger material run in the direction of potential leakage 
flow. b 

7 .2  Conclusions - Metal Gasket2 
1. Thc best mting on the flat,ennular gasket-sealing surface 

system occurs at the gasket edge, the point of minimum norm1 
stress. L , 

2. The plastic flow of soft metal gaskets tends to start from 
regions internally within the gasket. The surface shear 
stress tends f o  control the mde of plastic flow. 

3. Insensitivity of metal gasket seals to increases in pressure 
differential can be assured only if tha gasket deformation 
producing the seal has been plastic in nature. 
standpoint, the soft gasket materials which eqerience gross 
plastic deformation at low stress levels appear to have better 
potential in static fluid connector design than harder metals. 

Thus, from this 

4. Rough sealing rfaces cause sealing to be affect 
on, and are q te unstable during 

5. Where metal gasket seals wzre found sensitive to internal pressure, 
was possible to reduce 'the lezkage rate by add 

ore than 0.25 times the yield stre 
an increment 
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6 .  F o r a l l  metal  gaskets  used, i t  has been poss ib le  t o  a t t a i n  leaks 
as low a s  10-6 a t m  cc/sec for nomine1 normal stresses on annular 
gaskets equal t o  t w i c e  the  s t r e s s  l e v e l  causing i n i t i a l  bulk flow of 
the gasket ma te r i a l  (a t  a pressure  d r f f e r e n t i a l  of one atmosphere). 

7. A t  the  center  of the  gasket width, mating between gasket and 
sea l ing  sur face  can be e f f ec t ed  only by applying normal stress 
many t i m e s  t he  y i e l d  stres's. 
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A BOLTED FLANGE JOINT INCOFLPOR4TING A SOFT ALUkIITXTM G A S E T  
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INTRODUS TION 

During the basic  design phase of %he Ti tan 

became evident t o  develop a seal ing dev 

p e l l a n t s  f o r  periods up t o  one year without l e  

concerned are a 50% mixture of  UDXH and Hydrazine i n  the f u e l  system 
, _. __ __ 

and Nitrogen Tetroxide i n  t h e  oxidizer system. 

hypergolic, which i n  i tself  creates s t r ingen t  requirements on leakage, 

Any leakage i n  the  oxidizer system causes nitrogen te t roxide  t o  combine 

The. propel lants  ars 

wi th  humidity producing nitr ic acid,  which r e s u l t s  i n  corrosive a t tacks  

t o  the  aluminum components. 

propel lant  system and the  loca t ion  of the areas requir ing a leak t i g h t  

Figure l r e f l e c t s  the  Stage I, Titan 11, 

connection. The Stage 1 propel lant  l i nes  are 10" diane ter  and 

diameter i n  t'ne oxidizer  system and 61' diameter i .  the f u e l  system. 

The Stage I1 propel lant  system is similar; however, t i e  propellant 

l i n e  s i z e s  a r e  htr diameter i n  the  f u e l  system and 6" diameter i n  t h e  

oxid izer  sys tem. . * .  

The bolted flange w a s  investigated and se lec ted  fo r  use because of 

i t s  long established r e l i a b i l i t y .  It can be designed to  cover a %<de 

range of environments by changing a few variables  such as t h e  na te r ia l ,  

strength,  f lange thickness,  and the number and the  s i z e  of bo l t s ,  
I 

It can 

be designed f o r  any range of i n t e r n a l  pressures,  a x i a l  tension, compres- 

sion, bending, tors ional ,  o r  v ibra t ion  loads. 

easy t o  manufacture because it does not require  extremely t i g h t  machining 

tolerances. 

a ted f o r  various reasons such as 

The flange i s  r e l a t i v e l y  

Several  types of bol ted flanges where invest igated and e1imi.n- 

r i a l  compatibil i ty and/or i n a b i l i t y  

the design t o  e t  the  leakage criteria. 



S I N G L E  SERRATED I'UIIGE 

A, Design 

'Po solve both the ccrmpatibiliiy and the leakage problems, a s o f t  

f l g t  aluminum gasket design was investigated, The investigation 

resulted i n  a design which incorporates a ser ra t ion  i n  each flurge. 

The serrations,  when t h e  j o i n t  is  assembled, embed into the s o f t  

alyminurtz gasket (1100-0 se r i e s  aluminum) and provide a seal ,  Figure 2 

shows the design. 

simplify machining and reduce cost. 

Both flange nating halves a r e  ident ica l  i n  order t o  

The gasket i n  combination with 

the  flange groove is used t o  provide alignment during assembly, 

flange bo l t  holes were bored 1/32" oversize i n  order t o  permit posit ive 

indexing of t h e  gasket with groove' and eliminate the  need f o r  matched 

and co-ordimted tooling. The ser ra t ionwas  made a noiniml ,020 high 

'and had an included angle of 60°. 

poin t  of the serrat;ion was needed t o  help eliminate damage during 

hmdling. 

f i s h  a good s e a l  when the ser ra t ion  is embedded i n  the s o f t  aluminum 

- h e  

4i 

A .OOs t o  .OlO inch radius a t  the 

A FGB f in i sh  o f  63 was chosen on t i e  s e r r a t ion , to  help estab- 

gasket. Figure 3. shows the assembled flange and the amant  of gap 

allowed between t h e  two flange halves a f t e r  assembly. This gap con&- 

Lion ver i f ies  t h a t  the gasket has bean in s t a l l ed  correct ly  and has not 

been pinched between the flanges. It a l s o  indicates whether the ser-  

ra t ions  have f u l l y  embedded in to  the gasket. 

bo l t s  is required and can best  be achieved by usFng a cr isscross  pat- 

Uniform torque of  the 

t e r n  and stepping the  torque values up i n  increments u n t i l  the final 

torque is reachedo 
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Helium gas was enploged as a leak chPzk mediuni, zml a C.Z.C. 

(Consolidated E k t r i c  Corporation) helium leak detector  was used t o  

measure leakage r a t e s  A 

1,s x 

The rachine sens i t i v i ty  I J ~ S  established aro.;lnct 

scc/sec, and any leakage ra te  above 3 x 10-6 scc/sec, as  

measured by the probe method, was reason for reject ion,  

B. Analysis 

The design is such t h a t  the gasket is loaded t o  the  bearing 

ultimate s t r e s s  at  the se r r a t ion  and then compresses the f l a t  surfaces 

of the gasket t o  a point below the e l a s t i c  l i m i t .  

penetration calculations were made indicating t h a t .  1100-0 aluminum with 

To assure conplete 

an ultimate bearing s t r e s s  of 23000 p s i  reqcires  a load of 780 lbs/in 

t o  embed t h e  se r ra t ion  into the alminrm. 
4 

= Stress  x Arez/in ( lb/in ) 

= 23000 lbs/in* x .03h in2/ in  = 780 Ib/in '(lb/in> 

These calculations were based on maximum tolerance conditibns of the 

serrat ione 

on the bol t s  necessary t o  provide tihe required load. 

A t e s t  program was required t o  es tab l i sh  the  torque value 

The t e s t  program 

established the  torque requirements fo r  the various s i ze  flanges. 

the proper torque full penetration of the se r r a t ion  into the gasket is  

With 

achieved and material creep o r  loss of  torque is avoidede 
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c a En.rironnlenta1 Testifig 

Several test un i t s  of the s i z e s  being consi 

2nd tested according t o  the individual load req * 

environment required fo r  t h e i r  spec i f ic  use on the missile. 

2% is a br ie f  descr ipt ion of what the the t e s t  program involved: - 

The follo-v- 

1, Limit  Load 

Each u n i t  w a s  i n s t a l l ed  i n  a t e s t  f ix ture ,  s tab i l ized  a t  a 

specified temperature and i n t e n a l l y  pressurized t o  the specif ic  de- 

s ign  pressure. Naintaining in te rna l  pressure, the uni t  was theb sub- 

jected t o  a specif ic  a x i a l  t ens i l e  load followed by a spec i f ic  appli- 

cable' bending monent. A leak check was made of the jo in t  a f t e r  each 

load cycle, using a Consolidated Elec t r ic  Corporation helium leak 

detector. 

consti tuted a fa i lure ,  

4 
Leakage r a t e s  above 3 x 10-6 scc/sec using the probe method 

2. Yield Load 

The sane procedure as t h a t  specified under limit load was followed 

except the in te rna l  pressure, the a x i a l  t ens i le  load, and the bending 

3* 

The 

followed 

moment were increased by 15%. 

Ultimate Load 

same procedure as that specified under limit load was again 

! 

except the internal  pressure, the axial t ens i l e  load,  and . 
the bending moment were increased by of the limit load. 



4. Load Cycle 

An electr ic  timing device was connected t o  a solenoid valve 

and automatically programmed t o  apply the following load cycle f o r  a 

t.otal o f  450 cycles  on each unit. 

a) L i m i t  load i n t e r n a l  pressure \;as applied ,and held. 

b) L i m i t  load axial load w a s  appl ied and held. . 

c )  

d)  

L i m i t  load bending moment was applied and held. 

A l l  pressures a d  loads were relieved., 

5. Vibration 

Each of  the t e s t  u n i t s  was mounted i n  a, tes t  f i x t u r e  and 

s t a b i l i z s d  a t  a given pressure and t e n p r a t u r e .  The v ibra t ion  schedule 

was appl ied i n  two axes. Eadh u n i t  w a s  t e s t e d  s inusoida l ly  between 

15 t o  2000 CPS according t o  t h e  envirorment wqui red  f o r  t h e i r  s p e c i f i c  

missile compartment use. The units were leak  checked v i th  the G3C 

helium l e a k  d e t e c t o r  a f t e r  each v ibra t ion  t e s t .  

6. Storage Test 

One of each s i z e  unit was assembled with a shutoff valve on 

one end port and shutoff valve znd pressure gauge on the o t h e r  end port. 

The units were then f i l l e d  with a 50/50 mixture o f  UBNH and Eydrazine 

or Nitrogen Tetroxide and pressurized with ni t rogen gas a t  45 p i g  

after which the i n l e t  valve w a s  closed. The units were then placed 

i n  a s t a b i l i z e d  temperature environment of 50 2 10°F m d  s tored  for 

six months and 1 y e a r  p r i o d s .  
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Test resu l t s  indicated t h a t  a l l  uni ts  except one ki1 s i ze  conpletecl 

t e s t ing  without a recorded fa i lure .  

flange f a i l e d  i n  the combimd load tes t .  

the . test .  

The 4” test f ix ture  but not the 

An a l te rna te  f ix tu re  coinpleted 

The t e s t  program revealed t h a t  the radius on th9 corners of the 

gasket had a tendancy t o  cause the gasket ts s l i p  out of the flange 

grooves during assembl3 making the assembly d i f f i c u l t  and the gasket 

susceptible t o  being pinched bett~een the two flanges’, The single ser- 

r a t i o n  proved t o  be susceptible t o  damage and i f  damaged (severely 

scratched o r  gouged) leakage would occur. 

problem with the  cast aluminum design. 

This was part icular ly  a 

DUAL SEREiATED FLAHGE 

A. D e s i g  tc 

The t e s t  program. of the s ingle  serrated flange pointed out a 

need f o r  redzsign of the llange for  actual missile use, 

t o  increase r e l i a b i l i t y  i n  the  case of damage duri& ins6allatiion o r  

pasts storage, two serrat ions were provided. A l i p  was added to the 

In order 
* Q  

inside of the gasket groove ix a id  i n  the prevention of damage t o  the 

serrations,  The gaskets was revised to  add sharp corners and thus 

provide more posit ive a l igmznt  during assenbly , 

t he  revised design. 

Figure h r e f l ec t s  

After  assembly the gap requirement between the 

two mating flanges remains 0 - -020, the same a s  the s ingle  serrated 

flange. Figure 5 depicts  the assembled connectiono 
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Inspection procedures wsre established which insured g a s k t  f la t -  

ness to  .020 a i d  a surface f in i sh  equal t o  o r  ba t t e r  than R.M.S, 63 

before assembly. 

must be packaged i n  a r i g i d  contaimr t o  naintain f la tness ,  roundness, 

and surface f inish.  Precauttomry masures  must al.so be taken t o  pro- 

Prior t o  assembly and a f t e r  fzbr icat ion ths gaske'; 

~ - .- 

t e c t  the flangs, par t icular ly  the se r r a t iom,  during missile fabrlcation, 

The torqua procedura, a cr isscross  torque pattern, i s  also required 

fo r  the dua l  serrated flange; however, the f i n a l  torque value is higher 

than the single ser ra ted  flange because of the  addi t ional  load rsquirect 

t o  embed two serrat ions i n  the s o f t  aluminum gasket. 
4 

Mors st r ingent  leak check requirements were impossd on the f l i @ t  

configuration flange design 

reduced from 3 x 

The alloxable heliuii lecrkage r a t e s  vers  

scc/sec t o  3 x 10-10 scc/sec as determinsd by 

the C.E.C. helium 

B. Analysis 

Analysis 

. -- 

b 

leak detector sniff ing probe method, 

indicates that fo r  the dual ser ra ted  f langi  a bearing 

load of 1600 lbs/ in  i n  required t o  embed the serrat ions in to  the soft 

aluminun gasket, 

compress the air trapped between th3 serrat ions of the flanges. 

Tnis hoijever does no+, include the force required to  

Tests 

have shown t h a t  a running load o f  2000 lbs/ in  is  necessary t o  prevent 

creep or  bo l t  torque relaxation, A t e s t  program w a s  i n i t i a t e d  t o  

determine torque values . for  the various size flanges. Dwing the t o q u e  

t e s t ,  it was discovered t h a t  a large difference i n  the bolt  t e n s i l e  load 

f o r  a given flange s i z e  can be obtailled simply by varying the sourcs or" 

supply of nuts, 'Using l i gh t ly  lubricated b o l t  threads, the average 

bol t  load a t  250 in-lbs torque on nnts from three d i f fe ren t  vendors 



was respec t ive ly  890, 2500 and 5000 pounds ,per bol t ,  The E Z S O ~  

. f o r  the var iab le  b o l t  t e n s i l e  load was determined t o  $e the  var iable  

f r i c t i o n  i n  the  nut locking mechmisln. The lower b o l t  load resu l ted  

i n  a gasket load which was not  high enoGgh t o  f u l l y  penetrate the 

s e r r a t i o n  i n t o  the gasket. 

point of the  s e r r a t i o n  was above the bearing y i e l d  s t r e s s  and the 

The bearing s t r e s s  on the gasket at the 

gasket creeped thus r e l i e v i n g  the bol t  torque. 

C. Tes t ing  

Since the  only s ign i fhut  d i f fe rence  between the  s ing le  and 

dual  s e r r a t e d  f l m g e  desiga i s  the addi t ion o f  the protect ive l i p ,  no 

f u r t h e r  environmental t e s t i n g  w a s  performed. Flange thickness w a s  

increased where necessary t o  account f o r  the incressed requirements of  

- gasket load. The dua l  s e r r a t e &  j o i n t  has be'en subjected t o  the H eS D 

f l i g h t  environment and h2s withstood extensive leak checks p r i o r  t o  

f l i g h t ,  

STANDARD SEICUTZD FLiJGE 
a 

From the knowledge gained during the developnent program on the 

s ing le  ser ra ted  f lange and the dual s e r r a t e d  flange as used i n  the 

T i t a n  I1 program, a review program w a s  i n i t i a t e d  t o  improve the dual 

se r ra ted  flange f o r  fu ture  use. The primary problem with the design 

w a s  the p o s s i b i l i t y  of pinched gaskets during assembly. The connection 

w a s  redesigned t o  provide a male and female flange. The tolerances 

on the i n s i d e  diameter of tne gasket and the l i p  on the male flange 

were made such t h a t  i t  is  imsossible t o  pinch the gasket during assembly. 

The l i p  on the male f lznge also acts 8s an alignment device. Figures 
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6 and 7 show the  dua l  serrated 

used on any fu ture  designs. 

f lange a s ' s e t  up f o r  a standard t a  be 
. .  

I n  s m a q  the  dua l  s e r r a t ed  bol ted flange connection is  capable 

of preventing leakage i n  s to rab le  l i qu id  propel lant  systems, 

be used with l i n e  s i zes  of 4" diameter and up and, because of the  dual 

se r ra t ions ,  can provide r e l i a b i l i t y .  

It can 

Figure 8 is  a p ic tu re  of the  Booster Engine Compartment on Ti tan 11. 

Three bolted flanges are shown i n  zctual  use i n t h i s  photograph. 

major problems with t h i s  type o f  connection are: 

b o l t  preload. t o  prevent gasket creep, 

ware which w i l l  not a l low a re laxa t ion  of  torque, 

gasket t o  insure  roundness, f la tness ,  ar.d surface f in i sh ,  and 

The 

1) insuring proper 

2) providing b o l t  and nut hard- 

3 )  protect ing t h e  
r, 

4) pro- 

t e c t i n g  the se r r a t ions  on t h e  flanges aga ins t  possible damage. 

The major disadvantage of t h i s  t p  of connection i q t h a t  it is 

b u l b  and is not r e a d i l y  adaptable t o  small l i n e  s i zes  because of i t s  

bulkiness. It also requires  much time t o  assemble because of t h e  

necessary torquing procedure. 

The major advantages of t h i s  j o i n t  are its complete compatibi l i ty  

with s torable  propellants,  ease of mnufacture,  and it can be adapted t o  

a wide range o f  loading conditions while s t i l l  demonstrating a high de- 

gree of re . l i ab i l i ty ,  This flange design w i l l  a l so  meet "zero" leakqc 

requirements i n  s torab le  l i qu id  propellant systems. 
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t o  be detcr- 
nined by Size 

WTES : 

1. 
2. 
3. 
4.  
5.  

6.  

(:;on. woe 
Dia. :Ems .OlO) 

+- .OG2 - 

D e c i ?  & o l e r a c e  ,+ .OiO unless othcrvrtse noted. 

All surfeces 
Renove a l l  burrs ar.d break siia:*p edges .010 R (;hx). 
The flange, a f t e r  fabricatioc,  rnust %e pnckaged i n  a rigid ccntainer t o  
protect  the scrrzt ions from dvnclge. 
‘2 rf i inkm g2sket load of 20c0 lb/in i s  required t o  maintain a Seal using an 
1100-0 a l u n i n m  gaslce t . 

except, as noted, 
bfat e rial” ‘257- 

0 
To be dctcm6ncd by‘ the specific-cnvirormxt i n  iLiich the j o i n t  is to be used. 
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INTRODUCTION 

The difficult task of sealing unusual media such as liquid nitrogen and oxygen and 
helium gas under extreme operating parameters and environments acconipanied the 
early development of missiles a decade ago. During the transitioaal period from 
aircraft to aerospace production, it was readily recognized that the previously ac- 
ceptable designs of connectors and joints were inadequate for the.new set  of service 
requiremnts,  In re-evaluating these designs it became apparent that there were, 
in general, three constituent aspects that required appraisal: one was  the method 
used to attach the fitting to the'tube; the second was the sealing device; and the third 
was the inherent resiliency o r  spring action used for loclring. Underlying these fac- 
tors  was the core of the problem, namely the stringent weight and space limit2tions, 
and thermal effects. This deduction lead to the conclusion that an optimum design 
could not be obtained without first resolving the sealing requirement. Since that time, 
progress in separable fluid copec to r s  has been hampered partly because of the in- 
numerable multiplications of the same sealing concept, and partly because the problem 
was not confined to its logical discipline. The purpoo,e of this paper, therefore, is to 
contribute a seal technique for separable fluid connectors that is more appropriate to 
advanced aerospace systems than those underlying present designs. Althoqh it may 
seem presumptuous to make this assertion in the wake of so many recent and volum- 
inous expositions of seal and connector criteria, yet there a re  many fundamental and 
applied problems remaining to be solved. ' 

' 
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BACKGROUND 
fn order to propose a seal concept, for advanced systems, it is nqcessary to re- 
examine some fundamentals of sealing mechanisms. From an inspection of the 
evolution of the basic 'designs illustrated in Fig. 1, and the following discussion, 
it is not di€ficult to  mdcrsiancl the subsequent developments. 

PLAIN GASICET CONFIhXD 
GASfCET 

E LASTORlE TRIC 
O-RING Id 

Fig. 1. Evolution of classic seals. 

If, theoretically, the void between two mating surfaces of a joint could be eniirely 
eliminated, there would be no leakage, and, aside from the compr'essive force nec- 
essary to maintain the joint against the internal pressure, no compressive pressure 
would be required for sealing. Such a condition would be ideal, and may be appro- 
ached by polishing the mati% surfaces to a mirror  finish, but this method is not con- 
sidered practical from an over-all point of view, because a single scratch could re- 

is to make the material of one of the surfaces softer than the other, and apply a 
compressive force to  yield it into the asperities of the other. 

. sult in leakage. Therefore, tbe only known alternative of resolving this objective 

In the most primitive type of seal, th i s  operation is accomplished by introducing a 
"gasket" made from a resilient and compressible material, having an adequately low 
compression set, b e h e e n  the mating surfaces of the joint. Although there are many 
variations of this concept, the mechanics of the basic design are the same. High com- 
pressive loads are required for sealing, and the spring-back of the gasket is of a low 

i 
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' magnitude, which results in thick and heavy flanges for high pressure. On the other 
hand, the mass of the flanges must be compromised when further considering the 
effects of extreme temperatures. Hence, the application of gaskets in aerospace 
systems presents a complex problem. 

Enclosing the seal in a cavity reveals another mo6e of operation. If the seal (pack- 
ing} is made of a pliable elastomeric material and is slightly compressed in a cavity; 
it transmits pressure in much the same manner as a fluid. Consequently, the sealing 
pressure will always exceed the pressure of the internal fluid by the margin initially 
derived from the compression of "squeeze" fRef. 3.J. The limiting factor of this type 
is the extrusion of the packing thrcugh the clearances or  iriegularities of the mating 
surfaces. Here it will be noted, the seal is primarily loaded by the fluid pressure in- 
stead of the compressive o r  clamping force of the joint, as in the case of the flat 
gasket. Such an inversion of loading is commonly termed "pressure-sensitive" o r  
lpressure-actuated". E t  results in a compact and light-weight seal, as exemplified 
by the widely used elastomeric O-ring. Although this long-standing and acceptable 
seal satisfied the needs of subsonic aircraft, its use in aerospace systems is re- 
stricted to applications which do not have the extreme temperature requirement. 
Efforts to select a compound for extreme temperatures or to replace the elastomeric 
compound with fluorinated polymers only gave more rekoknition to the problem. 

The original Bridgman closure [Ref. 2 3 for superpressures, illustrated with its pre- 
decessor in Fig. 2, represents another variation of the pressure-actuated principle. 

ENCLOSED 
PACKING . 

BRIDGM AN 'S 
CLOSURE 

Fig. 2. Derivation of Bridgman's closure. 
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In this design the packing is loaded by the internal fluid pressure effecting a closure 
of the cavity. This is accomplished by the fluid pressure acting in an axial direction 
over a greater area of the closure housing the packing.thar, thzt by which it is ex- 
ternally supported. Hence, the sealing pressure of the packing is always maintained 
at some fixed ratio above the fluid pressure. Experience with this method has shown 
that the packing is not prone.to extrusion, and that the pressures attainable are only 
set by the strength of the metal parts. Although this concept is not used in aero- 
space systems, it was the forerunner to later developments. 

Instead of axially compressing the cavity, a more practical method is to allow the in- 
ternal fluid pressure to expand a metal ring radially against an outer surface which 
is not subject to pressure. Initial sealing is accomplished by compressirg the joint 
to stretch or  elastically deform the ring. This modification intrcduced the radial 
type metal seal. The solid O-ring, delta-ring, lens-ring, wave-ring, double-cone, 
etc. [Ref. 3 & 4 1  are  representative of this type. Fig. 3 illustrates a few of these 
designs. They a re  extensively used by the chemical industry. 

4 

SOLID O-RING DOUBLE CONE DELTA 

Fig. 3. Typical radial seals. 

The new set of conditions for seals, imposed by the development of missiles, had 
created demands for which there were no precedents; the only obvious solution was 
to resort to metal -seals. The metal types previously mentioned required high 
flange loads which increased the weight of joints, a d  they did not have sufficient 
spring-back to follow flange deflections. The designs therefore had to be re- 
evaluated and modified for aerospace joints. 
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Hollow metal O-rings, introduced in  this country about the time €hat missiles were 
first being developed, received swift recognition as the likely modification, and 
were readily adopted. This design was soon followed by the introduction of many 
new designs such as the K-Seal, V-Seal, C-Seal, W-Seal, E-Seal, etc. Coatings, 
platings, and hoods of softer material were added to reduce clamping force and im- 
prove performance. Today, the problem appears to have become one of selection. 
Actually, all of these seals operate on the same principle and vary only i n  confifi, =ur - 
ation and detail features. They are pressure-actuated seals which combine both 
spring and internal fluid pressure to  produce the necessary sealing force. Although 
the pressure-actuated principle cannot be discounted in seal technology, it certainly 
cannot be considered as the only possible solution. Before presenting another con- 
cept,  the principles of two other significant develogments should be  considered. 
These are: 

1. 
absorb a large amount of energy in a relatively small space. Ordiiiarilg, it is used 
as a shock absorber for cranes :Ref. 5 I, locomotives :Ref. 67, power hammers, 
and other such heavy equipment. Illustrated in Fig.  4, the ring spring consists of 
a series of inner and outer rings alternately arranged d i th  mating conical surfaces 
to form a column. When an axial load is applied, the spring is compressed by 
radial expansion of the outer rings and compression of the inner rings. 

Ring Spring. A ring spring is a rather unusual type of spring, that is used to 

OUTER RING 

IX'NER RING 

ELEMENT 

Fig. 4 Typical ring spring. 
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1 2 3 4 5 
DEF LE C,TION (IN.) 

Fig. 5.  Typical load-deflection of ring spring. 

Fig. 5 shows a typical hysteresis loop for this type of spring. It will be noted in 
this curve that friction increases the compression loads and is released during the 
recoil stroke. Urilike Yle usual coil or  leaf springs, which a r e  uneQxilly stressed 
in  torsion o r  bending, the tensile or compressive s t ress  distribution in  a ring spring 
is very nearly uniform. For this reason it can absorb more energy per weight o r  
volume of material than any other type of spring [Refs. 7 and SI. Spring formulas 
and data for the s t ress  analysis of these rings have been derived by Waht [Ref. 8 J . 
The ring spring design is presented, not only to point out its unusual characteristics 
as a true spring, but also to show how it has been aCfapted to a variety of applica- 
tions. For example, when the rings are confined between a hub and shaft and axially 
compressed, the spring is converted into a unique clamping o r  fastening device. Such 
an arrangement has been used for locking marine propellers and pulleys to  shafts 
[Ref. 9 3 , because it eliminates the s t ress  concentrations associated with splines, 
keyways, etc., and permits the transmission of high torques. It has also been used 
for fastening bolts in holes [Ref. 91, and for fastening and sealing high pressure 
tubing [Ref. 101. The applications are extended to  such divergent uses as piston 
rings [Refs. 11 and 12 1 and adjustable bushings [Ref. 13 1, usually with the rings 
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split, 'or radialIy cut. From these considerations it can be seen that a ring sprirg 
inherently provides a design which can be utilized as a sealing mechanism. Recently 
J. W. Hull [Refs. 14 and 15 3 investigated the feasibility of the design, a d  developed 
a seal of this type for high-temperature aircraft hydraulic systems. Fig. 5 shows 
Hull's basic configuration, which is actually one element of a ring spring. The rings 
are made from high-strength steels, hardenable by heat treatment, aEd the cros- sec- 
tion is relatively small - 1/10-in. wide for a five-inch diameter-s-eal. . The parti- 
cular advantage of this design, in contrast with the aforementioned metal seals is the 
relatively large axial spring-back. This maintains an effective seal and permits a 
greater freedom in flange deflections and separation. Moreover, it is reported that 
the compressive or  clamping loads are equQl to or less than the aforementioned 
types. The seal is also pressure-actuated, since the sealing force is boosted by the 
internal fluid pressure; however, its prime advantage is the spring-back factor. 

FLANGE FACE OUTER RING 

INNER RIKG 

Fig. 6. Basic configuration of Hull's ring spring seal. 

2. Temperature actuation. Just a s  pressure was considered a drawback ih high- 
pressure joints until its energy was utilized, so  is temperature considered a draw- 
back in aerospace systems today. In fact, statistical investigations [Ref. 161 
indicate that the most probable cause of leakage in these systems is thermal effects. 
Yet nearly a decade &go, Logan [Ref. 17 ] int;oduced a technique for sealirg cq70- 

geaic fluids which clearly demonstrated how a drop in  temperature could be utilized 
for maintaining a seal. 
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The basic configuration of Logan's design is d 
meric material is codined in a cavity between an 
having a low thermal contraction rate, such as  "I 
from a relatiTrely high thermal contraction alloy, such as alurnirrum alloy. I ) U r i i : - f  

cooling, the differential contraction effects a closure of the cavity which compel+ 
sates for the high thermal contraction of the elastomeric material, and maint:linp 
the sealing pressure at temperatures below its glass state transitioi (-40°C), 
temperatures above this, the seal functions similar to a pressure-actuated O-rir!g. 

ALIJPfIIINUilI ALLOY 

FLANGES 
OR STAINLESS srmL 

FLANGE FACE 
MOLDED RUBBEX 

3.WAR RING 

Fig. 7 Basic configuration of Logan's temperature-aktuated seal. 

* 

Initial sealing is accomplished by a slight squeeze of the elastomeric material, so  
almost no compressive or  clamping force is required. Since, the seal is primarily 
operated by the temperature ofthe internal fluid, in its critical range it is referred 
to as a "temperature-actuated" seal. Although this concept is basically excellent, 

not received ciable acceptance in aerospace systems. This 
ication of an elastomeric material in this ten- 
characteristics of the coefficients of thermal 



Attention has been directed to these two concepts , however acceptable, because they 
represent an  evolution of sealing principles. It appears that the sealing mechanism 
is the essence of present problems, rather than the characteristics of the sealing 
surfaces , contact area, and other such peculiarities which a re  considered secondaiy . 
As suggested in this discussion, a trivial improvement in this domain creates a real 
extension of design philosophy. 

BIMETALLIC SEAL 
The bimetallic seal combines the fundamental principles of ‘the ring spring and tem- 
perature actuation; it employs the configuration of the former to obtain a relatively 
large elastic restoring force and ‘deflection for sealing at ambient temperatures, 
and the thermal compensating aspect of dissimilar materials of the latter for main- 
taining the sealing pressure through extreme temperatures. Fig. 8 illustrates an 
original version of the concept which w2s designed to f i t  an existing cavity of a liquid 
nitrogen coupling in service. 

INNER RING 
STAINLESS STEEL 

FEP FLUOROCARBON COATED 

OUTER RING 
ALUMINUM ALLOY 
FEP FLUOROCARBOH COATED 

Fig. 8. Basic configuration of bimetallic seal 
retrofitted in shroud-to-bellows coupling. 
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Al.though this configuration does not represent an optimum desigri, since it was aot 
integrally designed with the joint, it served as  a test model for validating the con- 
cept. Also, the particular joint shown in the coupliEg in Fig. 9, served as s chal- 
lenge to a very difficult seal probleq because it presented a ~ilique set of zdverse 
factors. 

Fig. 9. Shroud-to-bellows coupling for liqlTtd nitrogen. 

First, the size of the cavity was relatively small compared with its 6.25-in. dia- 
meter, being only 1/10 in. between ID and OD and less than 2/10 in. wide. This was  
further restricted with 0.010/0.030 in. corner radii and unusually wide tolerances. 
In addition, the joint was fragile, which limited the tightening torque and consequently 
the axial clamping force . .  t o  around 50 lb. per  circumferential inch. A third factor was 
the dissimilar materials which formed the caxity. The outer gland u7as 321 stainless 
. steel, and the inner sleeve was 6061-T6 aluminum alloy. At low tempra tures  the 
aluminum alloy contracted at a greater rate than the stainless steel causing an open- 
Sng of the crvity. Aside from these adverse factors, the maximum pressure was 1 0  
PSIG, the surface finish of the cavity was 32 microinches, and there was a possibility 
of slight misalignment on assembly. 
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The seal consists of two adjacent rings with a conical interface, essentially forming 
an element of a compression-type ring spring. The materials of the rings a re  dis- 
similar, the outer ring being made from 60Sl.-T6 aluminum alloy which has a greater 
coefficient of thermal contraction-than the inner ring made from 321 stainless steel. 
The coefficients of thermal contraction of these materials in this temperature range 
are somewhat uniform. When the joint is assembled, the rings a re  compressed to- 
gether producing an axial spring force which closes the voids at the shoulders of the 
cavity'as well as at the conical interface. This initial pressure seals the joint at 
ambient temperatures. Through low temperatmes, the outer ring contracts at a 
greater rate than the inner ring maintainiqg the sealicg pressure. A 45'taper was 
used for the conical surfaces, and the parts are stressed well within the allowable 
yield of the material. To reduce friction at the conical interface, and to reduce the 
sealing pressure, both rings a re  coated with fluorienztcd ethylene propylene (FEP) 
fluorocarbon resin, 2 to 4 mils thick. 

To evaluate the performance, four seals were simultaneously tested in a series of 
connected joints subjected to installation and operating conditiocs, The temperature 
was cycled from ambient to liquid nitrogen temperaturgs through 100 cycles with a 
m d m u m  operating pressure of 10 PSIG in the cryogenic rafige. Leakage was de- 
termined by visual observation, with a soap solution being zpplied to the joint at 
ambient temperatures. Aside from a sporadic leak from one seal on the 75th cycle 
at ambient temperature, no leakage was observed. The results f19 7 had shown that 
the seal provided a zero-leakage connection in this temperature s a k e .  Sioce the 
test, the seal has been successfully used in service for nearly a year. 

The test set-up was also used to compare the peyformance of the bimetallic seal with 
some other types, both metallic and non-metallic. However, the number of metallic 

. types was limited, because only a few coul'd be designed to f i t  this particular small 
cavity. This comparison demonstrated a wide variance in performances. All the 
non-metallic seals leaked profusely at cryogenic temperatures, as espected, and the 
performance of the bimetallic seal was far superior to the other metal types. 

Some very interesting experimental data was also obtained on the Tnstron Test Machine 
shown in Fig. 10. As  illustrated, the spring; characteristics ok the seal were ob- 
tained by axially loading and unloading the seal between two platens. The platens had 
the same surface finish as the czvity of the liquid nitrogen coupling, and the compres- 
sive force was equivalent to the load sustained by the coupling torque. This load ;vas 

. 
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Fig. 10. Load-deflection .test apparatus. 

46 

applied at a rate of 0.010 in/min., and the deflection was measured with a 2-inch 
Baldwin extensometer. Fig. 11 shows the actual curve (solid line) of the load- 

’ deflection hysteresis Joop, demonstrating that the spring constant is higher on the 
compression stroke than on the return o r  recoil stroke. 

r e  . 

This difference is due to the friction of the conical surfaces. A s  far as  metal seals 
a r e  concerned, the curve can be examined from anotber standpoint - the upper or 
loading portion of the curve represents the clamping force required to energize the 
spring features of the seal for initial sealing, and the lou7er or  unloading portion 
represents the actual spring-back force that is considered with the contact area 
factor for establishing the sealing pressure. In other words, the upper curve is the 
tradeoff for the lower one. 

. 

The apparatus was not rigged to maintain the deflection during cooldown to the liquid 
nitrogen temperature. Therefore, to obtain the total axial force due to spring-back 
and the differential thermal contraction, the seal was submerged in liquid nitrogen 
and loaded and unloaded after temperature stabilization. Fig. 11 illustrates the 
load-deflection diagram of this simulated operation and shows that the spring-back 
characteristics are maintained at the low temperature extreme. 
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Fig. 11. Load-deflection for bimetallic seal showing hysteresis loop 
during loading and unloading at room temperature and at -320'F. 
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Fig. 13. Load-deflection for A-286 stainless steel K-seal .143 - .137 in. high by 
.180 in. wide, compressed .009 in. Deflection limits are .007 - . O B  in.. 



* .  

The spring-back deflection is 0.014 in. , and well within the' elastic limit of the 
material. It is noteworthy that t3ese curves agree reasonably well with calculations. 

Similar tests were made with the hollow metal O-ring anc! K-seal to draw a general 
comparison of the spring-back characteristics at ambient temperature. NeiYler of 
these two seals could be e€fectively designed to f i t  the small czvit- dimensions o f .  
the bimetallic seal; nevertheless they were selected because of their wide uss-ge. 
The same apparatus and procedures were used, except that the seal was subjected to 
a predetermined deflection instead of a load. Deflection was oriented to a mid-point 
between the minimum and maximum squeeze values calculated from the tolerances 
of these?-1 and the recommended groove depth. Sizes were selected from available 
stock as close as  possible to the bimetallic seal. 

Fig. 12 shows the load-deflection diagram obtained for a Type 321 stainless steel 
O-ring, 1/8-in. tube size by 0.010 in. wall thickness by 5-1/4 in. outside diameter. 
The ring was compressed 0.018 in. , which was mid-point between the instdlation 
deflection limits of 0.013 to  0.023 in. The loading portion of the curve shows that the 
ring is stressed behond its elastic limit, and the 'unloading portion shows a spring- 
back deflection of 0.002 in. 

b 

Fig. 13 shows the load-deflection d i a g a m  -obtained for an A B 6  staialess steel 
K-seal, 0.137 to 0.143 in. high by 0.180 in. wide by 6-1/2 in. outside diameter. As  
shown, the ring was compressed between'its deflection limits of 0.007 to 0.018 in. 
at a point slightly beyond the minimum value. Had thk load scale of the niachice 
been adjusted higher, as  determined on a repeat run, the ring would have gradually 
yielded further. This would have given the curve an appearance somewhat similar 
to. the O-ring with the exception of the spring-back. The spring-back deflection of 
this ring was slightly over 0.004 in. 

This cursory comparison indicates that significantly higher spring-back deflection 
can be attained with the bimetallic design than with the other types. And unlike the 
other types, it can be produced to operate within its elastic limit. Ordinarily, the 
taper of the conical surfaces of the bimetallic seal would be lower, reflecting an 
even greater deflection. At the present time, no comment can be made aboLit the 
compressive loads, because the test did not include leakage. It is noteworthy that 
the Instron machine made an excellent test apparatus. If equipped with a pressuriza- 
tion system and mass spectrometer, it would make a very effective unit for standard- 
izing the method of evaluating seals. 
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The bimetallic concept appears to have all the qualities of a simple seal, and as 
such it is versatile aid can be readily modified. Fig. 14 shows an O-ring configura- 
tion that was experimentally tested [Ref. 191 in the previously mentioned liquid 
nitroge n coupling . 

FLANGE FACE OUTER RING 
ALUMINUM ALLOP 

F E P  FLUOROCARBON INXER RING 
COATING STAINLESS STEEL 

Fig. 14. Bimetallic seal with O-ring configuration. 

In this design the contact pressure& intensified, and the leakage path through the 
conical interface is eliminated by a fluorinated ethyleno, propylene (FEP) fluoro- 
carbon coating. The coating also reduces the sealing pressure, acts as a lubricant, 
and provides a means €or retainirg the parts as an integral unit. The particular rings 
used for test were machined from bar stock; however, wire formed into a circle, 
butt-welded and conicdly ground, would probably represent a less  costly method of 

' production. Although the test evidenced some leakage at ambient temperatures, in- 
dicating insufficient spring-back in the design, it nevertheless demonstrated the 
feasibility of the configuration. This version can also be made hollow with the dis- 
similar materials welded together, but this would reduce the action to that of clis- 
tortion. 

Fig. 15 shows mother configuration that was conceived to show how the concept 
could be made pressure-actuated. In th i s  design the axial deflection is also increased 
because of the double-cone arrangement. 
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FLANGE FACE' OUTER RING 
ALUMINUM ALLOY 

FEP F LUOXOCARBON 
COATING 

(BOTH SIDES) 
SPLIT INISEE EING 
STAINLESS STEEL 

Fig. 15. Bimetallic seal with pressure-actuated configuration 
and double cone for increased deflection. 

In addition to these examples, the cavity codd be designed to form one of the conical 
surfaces, o r  it codd be eliminated, by designing a self-contained unit ~viI-rich could 
be installed between the flat surfaces of a joint. Moreover, the concept could be 
embodied as a conical bimetallic wa.sher for installatip in a conical cavity. In 
this case, slightly different tapers would be employt?d for effecting the axis1 sealing 
pressure. 

From these cryogenic examples it is apparent that for high temperature applications, 
or for both high and low temperatures, the geometry can-be invertedOor compounded. 
In addition, the concept can also be utilized to exclude pressure, and for combined 
services such as  cryogenic-vacuum, etc. 

It is believed that if the three basic rules for evaluating a connector, given in the 
Introduction, are correlzted with the birnetallic concept, a more complementary 
combination of design elements would be available for the conception of a universal 
"aerospace" connector. Such a connector should be capable of connecting tubes to 
components as  well as  to each other. The bimetallic seal, similar to the widely 
used elastomeric O-ring, can be used under a connector fitting for the component 
connection. It further provides the feature of a sprirg lock. To this can be added 
another advantage - that the pretensioning of a threaded connection can be measured 
accurztely by the diametrical expansion of the ring spring element, rather than in- 
accurately by torque. 
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CONC LUSiONS - 
Although no effort has been made to evaluate all of tfie parameters involved in 
creztirg an optimum bimetallic seal design, or connector, the resrrlts of this limited 
investigation show that the concept has merit and should be further explored and its 
applications estended. Experience gained s o  far in testing the seal indicates that 
sealing either high or  low temperature aerospace fluids pmsents less of a problem 
than sealing at room temperature. -. 
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I. INTRODUCTION 

In the March 1964 issue of NATIONAL GEOGRAPHIC, there 

appeared an  ar t ic le  entitled, "Footprints on the Moon" by 

Hugh L. Dryden, Ph. D. , Deputy Administrator, NASA. 

article,  Dr. Dryden sets  forth the standard of performance required 

In this 

fo r  the lunar mission. The mission must have a 99.9 per cent proba- 

bility for safety of the astronauts. 

reliability required of &e myriad of components in such a complex 

It is difficult to imagine the 

vehicle. 

One of these components i s  a separable fluid connector. Just  

what a r e  the requirements for this connector? 

It must  be simple, yet reliable. 

It must  withstand extremes of temperature, along with higher 
b 

pressures  and vacuum in outer space. 

It must  contain new and exotic propellants. , e  

It must  endure tremendous G-loads and vibrations. 

And it m,ust remain leak-tight--less than l ~ l O - ~  cc / sec  

(equivalent to 3 cc  of helium in 100 years). 

All this is  required--and then some. 

This presentation, then, attempts to portray by design and by 

test a sealing concept to satisfy the aforementioned requirements. 
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11. DESIGN 

A. Sealing Concept 

The CONOSEAE sealing .concept uses  a frusto- 

conical-shaped gasket s imilar  to a Belleville washer,  with a 

cross-sectional height greater  than the radial difference betweep 

the mating flange sealing diameters. In Figure l a  the CONOSEAL 

Gasket is shown between the flanges when seating load is f i r s t  

applied. S t ress  concentration in  the gasket is clearly shown by 

the photo-elastic method. 

the gasket is  fully compressed (Figure lb),  a plastic flow (as 

noted by maximum s t r e s s  in gasket extremities) is induced in  the 

gasket sealing corners  by the columnar loading. 

A s  the flanges a r e  brought together, 

ir 
The inclined 

flange faces l imit  gasket buckling. 

Although the mechanics of the actuLal bond between 

the gasket and flange a r e  not c lear ly  understood, i t  is apparent 

that a plastic flow of tlie gasket mater ia l  is  required to obtain 

the intimate contact necessary to contain a medium such a s  helium 

o r  hydrogen gas. 

Figure 2a is a 50X enlargement of a typical gasket- 

to-flange sealing relationship. 

plastically yielded following the contour of the flange sealing area. 

The gasket sealing corner  has  

Figure 2b is a 200X photo-micrograph of the bond 

obtained along the gasket-to-flange interface. 
Pr ints  of Figures  la  and l b  unavailable 
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a 
Sealing Corner 50X 

b 

Figure  2 
Inner Diameter Sealing Interface 20UX 

Photomicrographs: Gasket to Flange Seating El. elations h ips  



3: Amlys i  s 

1 .  Gasket Seating Load 

The stress pattern so clear ly  shown by the 

photo elastic method (Figures  la and lb )  is resolved in a 

force diagram of the CONOSEAL Gasket seating action as 

shown i n  F igures  3a and 3b. 

CONOSEAL Gasket can be calculated f rom the formula: 

The load required to seat the 

Fa = k S t n Dm s in=  

Where Fa = Axial force in pounds 

k = Coefficient (correction for  hoop tension forces)  

(1 for  s izes  1 inch and over) 

(3. 5 for s izes  below% inch; .020 x . 125 gasket) 

S = Gasket seating s t r e s s ,  psi  

t = Gasket thickqess, inches 

D, = Gasket mean diameter,  inches 

CX = Angle of gasket at maximum load, degrees  
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FIGURE 3 SEATING ACTlON OF “CONOSEAC GASKET 
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Figure  4 is a graph of axial load required 

Gasket Mat e rial 

321 CRES 

6061 -0 Aluminum Alloy 

to  seat CONOSEAL Gasket fo r  various gasket thicknesses 

based on a seating s t r e s s  of 10,000 psi. The dotted l i n e  s 

f 

Seating S t ress ,  ps i  

tt 50,000 

15,000 

represent  a m o r e  ideal curve,  accounting for  effects of 

hoop on smal le r  sizes.  Seating s t r e s s e s  for  common 

gasket m a t e r i a l s  a re  shown in  Table I. The sea.ting 

s t r e s s e s  a re  in excess  of the compressive yield strength 

of the gasket mater ia l  in order  to achieve a plastic defor- 

mation of the gasket. 
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2. Flange Analysis 

A shearing force is exerted on flanges by the 

gasket {as shown in Figure 3b). The thickness of the flange 

l ip ' i s  determined as  a result of the shearing force. T h e  

radial  force,  Fr, exerted against the inner lip and outer l ip 

resul ts  in  hoop loads in  these members .  The d e  f l  e c t i  o n  

of these members  within elastic limits actually a i d s  i n  

maintaining a reaction force against  gasket along with 

residual s t ra in  in  gasket. 

The method used in  claculations for flange de- 

sign is  based upon Section VI11 of the ASME Boiler & P r e s s u r e  

Vessel Code, Appendix 11, "Rules for Bolted Flange Connections. " 
r, 

The ASME design method is modified for use  on flanges where 

V-band coupling or  threaded nut is emplcyed. 

for  flanges with V-band couplings is included in Appendix I. 

The method use6 

A 

method for analysis of threaded fittings is covered adequately 

elsewhere (1) 

Determination of s t r e s s e s  induced in flanges as  

a resul t  of gasket seating depends upon the following factors: 

a. Gasket c r o s s  section 

b. Amount of gasket compression 

C ,  Gasket 'mater ia l  

d. Connector size 

e. Flange de sign ,341 



For  lightweight connectors, the effects of gasket 

t 3 

Bolted Flange V-band Coupling Threaded 
Connection Connection Connector 

'Torque . 2  Dt Fa ,064 Dt Fa tan 5 lb  in. No.' of Bolts 2 . 2  Dt Fa 
b 
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seating s t r e s s e s  could affect the design significantly and must  

be compensated for  in design, On pipe joints and joints utilizing 

ASME Code allowable s t resses ,  gasket s t r e s ses  have been found 

to have an  insignificant effect upon joint performance under 

'operating condition. (21 

3. ' Preload 

The torque required to assemble a fitting is based 

on the higher of two axial loads a s  follows: 

a. The gasket seating load 

c b. Load due to internal pressure and/or  

other external operational loads 

Any additional axial load imposed by internal pres -  

su re  over initial preload decreases  with increasing preload. A 

method for  calculating additional load based on spring constants is 

graphically demonstrated in a report  referenced elsewhere. (1) 

The torque calculations for various configurations 

a r e  shown in Table LI. 



a C. . Materials  and Surface. Coatings 

1. Flange and Gzsket Materials 

The use  of mater ia l s  in the CONOSEAL 

connector is l imited only by the selection of a gasket 

mater ia l  that will not Brinell .  the flange sealing area 

. while maintaining s t ructural  rigidity. Generally, the 

gasket mater ia l  has  lower mechanical propert ies  than 

the flange mater ia l ,  but there  a r e  notable exceptions 

such as  a 300-series stainless gasket used with iden- 

tical flange material .  

occurred even under es t reme temperature  conditions. 

This can readily be explained a s  follows: 

No Brinelling of the flanges has 

r( 

a. A maximum hardness  on gasket raw 

mater ia l  is specified. 
t Q  

b. Gasket and flange geometry and contact 

surface relationship benefit gasket 

coining without flange Brinelling. 

The problem of mating flanges employing 

materials with markedly different thermal  expansion 

properties has  been overcome, within l imits,  by taking 

advantage of gasket residual s t ra in  and initial flange 

deflection. 

Flange and appropriate gasket materials a r e  

summarized in  Table 111. 
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2. Flange and Gasket Surface Coatings 

Coating 

Silver Plating 

Cadmium Plating 

Nickel Plating 

I 

Extensive tes t s  have been conducted on the effects 

of anodic and chemical coatings of aluminum flanges. '3) In- 

Component Remarks 

Gasket Improved sealing on carbon 
s teel  components and other 
special  applications. 

Gasket Improved sealing on carbon 
s teel  components . 

Flanges F o r  cor ros ive  media. 
and 
Gaskets 
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D. Flange and Gasket Geometrical Relationship ( 4 )  

To achieve optimum sealing, geometric similari ty 

of gaskets and sealing cavities should be approximzted throughout 

the entire size range of gaskets and ilanges. 

The gasket compression curve shown in Figure 5 

defines the radial Compression required to maintain geometrical 

similari ty of the gasket cross-sections. An increase in gasket 

cross-section is  necessary to’allow for increasing flange s e a 1  

diameter tolerance on la rger  diameters. Gasket No. 3A, being 

below the line, indicates the reason for the addition of Gaskets 

No. 3B and No. 3C to obtain a more  desirable g e o m  e t r i c a 1 

relationship. 
4 

Testing has substantiated the improvement i n 

reliability of the increased width o r  thickness. 

The flange diametral tolerance curve rndicates the 

acceptable tolerance. The deviation from the curve of Gaskets 1 

and 2 i s  compensated for by increasing gasket compression. 

The range of flange diameter versus  gasket c ross -  

section.is shown in  Figure 6. This graph i s  self-explanatory, but 

several  other reasons exist for increasing gasket cross-section 

with increasing diameter in addition to machining difficulties. 

They a r e  as follows: 

Handling difficulties associated with large diameters 

of gaskets with light cross-sections. 
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‘ GASKET WIDTH - INCHES 
FIGURE 5-RELATiONStllP OF GASKET CRCSS-SECTION 
TO GAS:(ET CGGF’RESSION kN9 FURCGE TOLERANCE 
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GASKET THICKNESS AND HEIGHT 13 
1-.020 X .I25 
2-x)20 X .I61 
3-.032 X .275 
4-.0.?0 X 277 

I t ’  5.050 X 573 
6-.062 X 710 
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Increased flange warpage encountered on large 
. .  

diameters,  not only in  welding but a l so  a s  a r If of s t r e s s  

relaxation. Flange ovality f rom .005 to . 010 inch on a 10-inch 

s ize  to , 060  inch. on a 42-inch size has  been found on f l  a n g e.s 

. af ter  machining. 

E. 

The CO3OSEAL Sealing Concept has been incorpo- 

rated into a number of challenging problem a r e a s  in the m i  s s i 1  e 

and nuclear fields. A few of the notable applications a r e  1 i s t e d 

below. 

A 36-inch remotely operating CONOSEAL Joint used 

4?. on Tory If nuclear propulsion r am jet  engine. Gases reach a temper- 

a ture  of 1050°F with a pressure  head equivalent to 650 psi. 

is a photograph depicting the CONOSEAL Joints ernploygd in  the 

engine while Figure 8 shows the complete tes t  vehicle. 

Figure 7' 

A remote-operating Double-seal CONOSEAL i s  shown 

in Figure 9. 

zone used to  monitor any possible leakage past the pr imary seal. 

The inner and outer seals  a r e  separated by a b u f f  e r 

This type of joint was intially developed for use on reactors  and at 

present is being employed in the M-I engine and the NERVA project. 

Sizes f rom 1/8 inch to 45 inches have been produced, Variations of 

the double seal  using an  organic secondary seal  a r e  being utilized by 

Douglas Aircraf t  on the Saturn DSV-IV stage. 
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Figure 7 
Remotely Operated CQNOSEAL Jo in t s  - Tory 2A 

3 50 

Figure 8 
Tory 2A Test Yehiclc 





r i g u r e  iu iiiusrri?tes a LwiuwahAh with a ba 

weld-lip seal for the liquid metal  system on SNAP- 

provides for frequent disassembly ring ground te 

permanent weld added just  pr ior  to flight time. 

Joints have been used in  liquid metal  systems at temperatures up 

CONOSEAL 

to 1350°F. 
. #  

Vacuum-jacketed l ines for cryogenic applications 

have employed CONOSEALS (Figure 11) to contain fluid and to 

maintain vacuum between inner and outer ducts. 

Figure 12 depicts a Zircalloy-to-stainless steel 

permanent-type fitting a s  used in  the CVTR reactor  (5) . 
J4 

.. Other a r e a s  of incorporation include the use of a 

( 6 )  CONOSEAL in a bakeable valve . 
Figure 13 depicts an  87-inch diameteroremotely 

operated coupling to be actuated by four actuators simultaneously. 

This coupling design has  been incorporated into various-size 

CONOSEAL duct systems and is  proposed for use  in  the EST-1 

NES duct facility for testing the NERVA engine. A subscale seal 

test program has  been conducted on a Double-seal CONOSEAL with 

remote coupling (7) . 
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* .  

PERFORMANCE DATA 

Evaluation of the CONOSEAL to general  and specific oper-  

ating parameters ]  various configurations and mater ia l s ,  over a 

broad range of s izes  h a s  been conducted. 

all these data h e r e  i s  impossible. 

To attempt to present  
- 

Performance data presented 

will be l imited to a summary  of evaluation testing to general  re -  

quirements,  p r e s s u r e  and temperature  limitations, effects of 

surface asper i t ies  

p r  ob1 em s . 
flange distortion] *and installation and welding 

A. Surface Asperi t ies  

1. Flange Finish Requirements 
tr 

Flanges with finishes to 6 3  RMS have been 

successfully tes ted with helium mass spectrometer .  

Scratches in  flange sealing a r e a ,  running in a n  axial  

direction a r e  generally detrimental  when they can be seen 

with the naked eye. 

One of the m o s t  t roublesome a r e a s  in the 

p a s t  has  been the flange sealing corner .  Incorrect  radius,  

projections i n  flange inclined face, and tool chattering all 

affect  sealing performance. Improved mandactur ing  

techniques, =sing t r a c e r s  for flange face geometry and 

specially ground throw-away-type tool i n s e r t s ,  along with 

more str ingent  quality control m e a s u r e s ]  have all but 
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2. Ga ske t Fini s h Requirements 

CONOSEAL Gaskets a r e  manu'factured from 

standard sheet o r  coil stock. Raw mater ia l  is carefully 

controlled during manufacturing stages to prevent scratches 

on flat surfaces  which a r e  not machined. 

allowed on flat surfaces within specified limits. 

Scratches a r e  

Gaskets a r e  stacked for finish machining OD 

and ID to eliminate bu r r s  and to maintain closer  tolerances 

on inner and outer sealing diameters,  along with finer 

finishes, A 32 RMS finish i s  specified. :: A 100% visual 

inspection of sealing diameters i s  made under magnification 

just  prior to packaging to insure that gaskets a r e  f ree  of 

nicks, bur rs ,  and scratches.  

On low-pressure applications, maximum depth 

of scratches has been determined by test  to be 1 mil for 

aluminum and 0. 5 mil for stainless in order  to obtain a 

fluid-tight connection. ( 8 )  

CONOSEAL Gaskets in size range from 1 /8  inch 

through 1 inch were originally punched with no additional 

machining steps. Because of the unpredictable leakage 

behavior of the gasket caused by scoring of the gasket during 

manufacture, a manufa*cturing process change was made to 
i 

machine gasket sealing diameters. 

*Gaskets have been manufastured with 16 RMS finish for ultra- 
high vacuum systems 4 1 x 10-9 Tor r  
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Improved reassembly reliability 

r e  sulte d. 

B. Welding 

One of the most  neglected o r  abused areas ,  but one 

that has a pronounced effect upon the sealing reliability of 

the CONOSEAL, is the welding of flanges to ducting. Poor  

welding has resulted in excessive flange warpage, flange 

growth, annealing of hardened flanges, along with premature 

weld failures. 

Recommendations for welding CONOSEAL F 1 a n g e s 

a re  contained in  Appendix 11. ir 

C. Flange Warpage 

As connector size increases ,  flange warpage is 
r C P  

unavoidable. Warpage may be caused by a relaxation of 

s t r e s s e s  as  a resul t  of machining and by welding. The 

CONOSEAL design permits  a relatively large degree of 

flange face out-of-flatness due to the radial-sealing con- 

cept of achieving a seal  independent of flange-face alignment. 

Ovality in  flanges is overcome within flange-to-flange and 

flange-to-gasket assembly clearances by the force generated 

by gasket during assembly. 

Table V gives resul ts  of testing on a 3-inch and an Table V gives resul ts  of testing on a 3-inch and an 
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Size 
(inches) 

3 

8 

Flange warpage, causing a change in  average sealing 

diameter will affect sealing reliability. F o r  maximum performance, 

Proof P r e s s u r e  Flange 

Mal e .006 
Female  1 .007 

Mal e 008 .002 < 5. 9x10-l1 cc / sec  
Female , 0 0 8  ' * 002 i 

flange face separation a s  a resul t  of warpage should be limited to 

one half the gasket thickness, and ovality ' for each flange should be 

l imited to 0.5 mil per  inch of diameter plus flange seal  diameter 

r, 

tolerance (Reference Figure 5). 

D. In stallation 

The installation of gasket between flanges is the same 

regard less  of connector type. The following ground rules  should be 

observed: 

Flange faces,  and especially the sealing corners ,  must  

be f ree  of all contaminants. A l intless cloth with acetone is , recom- 

mended for  cleaning both flanges and gasket, unless other cleaning 

methods a r e  specified for cr i t ical  systems. 
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Gaskets should be handled carefully to prevent 

The gasket may be installed in either flange. to sea l  corner .  

technician should be  apprised of proper direction to place the 

Gaskets should be replaced each t ime a joint is assembled. 

To prevent unequal loading of the gasket which 

damage 

T h e  

gasket. 

may 

produce seating on one side f i rs t ,  there  should not be over 020 inch 

variation in  gap between flanges around the periphery. Alignment of 

the joint for installation of a V-band coupling should never require  

m o r e  than hand pressure.  On bolted flanges, bolts opposite each 

other  shoald be torqued, moving in a clockwise direction. They 

should not be torqued more  than one half turn a t  a t ime except to 

make s u r e  bolt is finger-tight pr ior  to torquing. 
4, 

There has  been some concern regarding the effects 

of misalignment on sealing capability because of the ,following 

r e a  sons: 

Mating flange faces  a r e  not always parallel .  

Matilig tube sections' axes  do not coincide. 

Limited accessibility. 

Misalignment caused by duct system supports. 

Test  resu l t s  indicate that leakage ra te  will increase 

with increasing angular misalignment (10) . 
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Although the CONOSEAL Configuration allows some 

degree of flexibility under various misalignment conditicns , the 

maximum misalignment allowed i s  dependent largely upon the 

system design , i. e., use  of bellows. Research into this region 

has $ekn conducted, with the conclusion that greater  reliability 

can be achieved by closer  control in duct system manufacture 

and by provision of a longer flange index, along with a re'duction 

i n  clearance between indexing diameters of the mating flanges. 

E. Performance Evaluation 

Considerable testing has  been compiled on 

CONOSEAL Joints. Testing conformed to general and specific 
b 

customer requirements for nuclear, a i rcraf t ,  and missi le  appfi- 

cations. Representative test  results, enveloping general design 

r e  
and operational parameters  a r e  delineated in Table VI. 

There a r e  many additional tes t  reports,  covering 

specific customer requirements, which a r e  not included. Areas  

of interest ,  however, relating to CONOSEAL reliability a r e  

summa r i z e d below. 
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1. 

1 ea ka g e 

m.easured by helium mass  spectrometer under operating 

conditions. 

2. Torque Relaxation 

When recommended torques a r e  followed, 

there is generally a relaxation of torque after initial load 

and/or thermal cycle. This is of particular importance . 

on V-band Coupling applications where torque relaxation 

on the order of 25% i s  not uncommo% 

torque drop is a result  of a more  even distribution of s t resses  

On V-bznd Couplings, 

around coupling periphery after joint is placed in use. There- 
* 

fore, it is not required to increase torque to its origins!. vzlue. 

In fact, on high-temperature applications, it is recommended 

that a rigging torque be applied and then.redvlced to a lower 

value to compensate for thermal expansion differentials. 

3. Reusability 

- 

Testing requirements to date 5ave been limited 

to 10 to 20 reassembiies, using a new gasket each 

results indicate +hat the flanges a r e  reusable without loss  of 

sealing capability, so long as  z seal is obtained initially. 

The 

I 
I 



If a seal  is not obtained during initial assembly, the rcasoll 

generally can be traced io flange damage o r  other factors 
’ 

requiring corrective action. 

To maintain 

i t  is recommended that the 

or polished af ter  six to ten 

the degree of reliability required, 

flange sealing surfaces be cleatieri 

assemblies.  
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IV. CONCLUSION 

The need for a reliable connector is  not limited to space 

programs. Wherever and whenever a connection is required, the 

demand is for increasing reliability for higher pressure  and ex- 

t remes  of temperature, along with leakage capabilities consistent 

with advanced system requirements. 

A continuing program of improvement ‘to simplify and to 

provide a connector of unquestionable reliability is not just a 

requirement a t  Aeroquip/Marman. It is  a necessity. 

365 . 





APPENDIX I 

Calculation Methods €or S t r e s s e s  in 
CONOSEAL Joints Using V-band Couplings 
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INTRODUCTION 

The CONOSEAL Flange design follows the ru les  

for  bolted flange connections a s  shown in Appendix I1 of 

Unfired P r e s s u r e  Vessel  Code Section VIII. The values for 

factors  shown in  F igures  UA 51. 1 to 51.6 for integral-type 

flanges have previously been used with success  on a 12-inch 
. _  

CONOSEAL Joint subjected to the s t r a i n  measurement  tes t  

per  paragraph UG 101 in the Unfired P r e s s u r e ' V e s s e l  Code. 

The CONOSEAL Coupling design is based on 

Aeroquip/Marman's  experience on V-band Retainers,  which 
44 

is a l s o  substantiated by the aforementioned s t ra in  measurement  

test. 

'The required bolt load per  ASME Gode does'n; 

apply due to  the radial  seal  concept, The bolt load requirement 

is based on the load required to seat  the gasket or  on the load 

due to in te rna l  pressure ,  whichever is greater .  



Symbol 

A *  

AB 

*L 

a 

B 

b 

C 

C 

D 

d 

E 

F 

f 

G 

81 

g0  

H 

HD 

HM 

Units 

in. 

NOMENCLATURE 

Flange  OD 

Bolt  Root  A r e a  

_ _  - I_ 

2 in. 

2 in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

A r e a  of Coupling L e g  

Coupling Apex Th ickness  

F lange  ID 

Coupling Width 

F lange  Hub OD 

F a c t o r  = ( a 2 / a t 4 Q )  + (ALn/2QD) 

Pi tch  Diamete r  

Coupling Lug Depth 

b 

Coupling A ~ e x  Diamete r  

F a c t o r  f r o m  fig. UA-51.2 Unfired P r e s s u r e  
V e s s e l  Code Sect ion VI11 (Des ign  Sheet  11) 

F a c t o r  f r o m  fig. UA-51.6 Unfired P r e s s u r e  
V e s s e l  Code Sect ion VI11 (Design Sheet 111) 

in. Seal ing Diamete r  

in. Thickness  of f lange Hub 

in. Th ickness  of f lange Sk i r t  

l b  Tota l  Hydros ta t ic  'End F o r c e  

l b  

lb 

Hydros ta t ic  End F o r c e  on A r e a  Inside of 
F lange  

End F o r c e  due t o  Externa l ly  Applied Bending 
Moment  



Symbol Units 

HN 

*T 

n 

hD 

“M 

hO 

hT 

J 

K 

L 

M 

MD 

hlM 

MT 

MO 

m 

NO 

NR 

n 

lb 

lb  

in. 

in. 

in. 

in. 

in. 

in. 

- 

in. 

in. 

in. Ib 

in. lb 

in. lb  

in, lb 

in. lb 

lb / in. 

lb/in. 

NOMENCLATURE - - continued 

Description 

H + H M  

Difference bekveen Total End Force ,  H, and 

HD 
End F o r c e  on a r e a  inside Flange, 

Hub Length 

D 

Moment A r m  f rom D to  c i rc le  on which HM 

Moment A r m  from D to c i rc le  on which H 
a c t s  

a c t s  

Fac tor  = d ~ g  

T Moment A r m  f rom D to  c i rc le  on which H 
a c t s  

Coupling OD I, 

R a t i o  of Flange OD t o  Flange ID = A/B 

Moment A r m  f rom Coupling Snoulder t o  
$ of Bolt I 

Bolt Radius 

D Component of Moment due to H 

Component of Moment due to HM 

Component of Moment due to HT 

Total Moment Acting on Flange 

Externally applied Bending Moment 

End F o r c e  Per Inch of Circumference Acting 
on Coupling due to  Operating Lozd 

End F o r c e  Per Inch of Ci rcumference  Acting - 

on Coupling due to Bolt Load 

in. Lev- A r m  on Coupling Leg 



Symb of 

P 

Q 

R 

r 

S~~ 

S~~ 

sB 

S C  

Sf 

sH 

SL 

SR 

ST 

t 

U 

V 

Units 

ps i  

in. 

i R. 

in. 

ps i  

ps i  

ps i  

ps i  

ps i  

ps i  

Psi. 

ps i  

ps i  

in. 

in. 
1 

Des criDtion 
- ___ ._ 

Ope ra t ing  Pr e s s u r  e 

Moment A r m  f r o m  D t o  Center  of Coupling Ape 

Radial  Distance f r o m  D t o  Hub Diameter  

Depth of Coupling Leg  

Coupling Apex S t r e s s  

Cpupling Tangential  St r e s  s 

Maximum Allowable Design S t r e s s  for Bolt 
Ma te r i a l  

Maximum Allowable Design S t r e s s  for  
Coupling Mater ia l  

Maximum Allowable Design S t r e s s  f o r  Flange *+ Mat e rial 

Longitudinal Hub S t r e s s  

Coupling Lug S t r e s s  

Radial  Flange S t r e s s  

Tangential  Flange S t r e s s  

Fac to r  Involving K f r o m  fig. UA-51.1 Unfired 
P r e s s u r e  Vesse l  Code Section VI11 (&sign 
S l e e t  I ]  

Flange Thickness  

Coupling Leg  Thickness  

F a c t o r  from fig. UA-51.3 Unfired P r e s s u r e  
Vesse l  Code Section VI11 (Design Sheet  11) 
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Units 

lb 

lb 

D e g r e e  

Degree  

--. - 5 - v -  I--- *-..LA--S.LZA-.,--...- .T-?r- --.7*.*7"'--7 s,-- 2-rid-i 

'> 
NOMENCLATUX E - - continued f.' 

s 1 Symbol Descr ip t ion  

k wo Bolt Load due  t o  Opera t ing  Loads 

n e. 1 

I 

! y 
fi 

Ini t ia l  Bolt  Load due to  Torque B 

B 

_- 

The Angle of Inside of Coupling Leg  i n  Contact  5 
w i t h  F lange  

F r i c t ion  Angle 

I :R 
I f ~ 

8 
:i 

8e 

B 1 I 
a 4 9 I 

I 
& 

i 
1 

1 f .  

4 
2 
"3 

~.. -- -_ , i . __la*., _.-. c . - - IN*_ .-. - - - -..* .- 
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"CONOSEA L" FLANGE 6ESIGN 

I 

DESIGN CONDITIONS 

Operat ing P r e s s u r e ,  p ps i  
Bending Moment, m in. l b  

"F Operating Tempera tu re  ' 

1 Atmospheric  Tempera tu re  "F  
I 

Flange Mater ia l  

Flange 
Stress 

psi 
' ulowab'e Oper..Temp. sfO 

Atm. Temp. Sfa 1 ps i  

Ch LCULA TIONS -- 
H = . 7 8 5  G2p 1 l b  : - i 
D =  . ~ ( E + c )  

R = . 5  (D-C) in. j in, j 

A =  I c =  E =  

SHAPE CONSTANTS 

'1 - 
< = P / B =  bo= \jBgo= 
g h o =  - Ih/ho = 

Fig.  I 

i 
e = F / h o  = I 

FLPNGE 1 

R=f: t e + 1  

t 

@ = t e + l  

6 =  t'ip 

MALE 

B =  

ALLOWABLE STRESS CALCULATION 

1.5 Sfo= ps i  Longitudinal Hub S t r e s s ,  SH= f M o / h  g l L B  ps i  

Sfo - - ps i  

Sfo - - p s i  Tangential  Flange S t r e s s ,  sT= M , Y / ~ ~ B - z s ~  ps i  

ps i  

ps i  Radia l  Flange S t r e s s ,  SR=/3 M o / h  t 2 B  

I 

psi  

p s i  

P ro jec t  

Fa r t No. ~ - ,  
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C 0 N O  S E A  L I t  C 0 U P L I M G D E S I G N 

D ESIGN CO ND IT10 NS 
I 

LOADS 

N, = H N / n D  I 1E /in 
NR =. W,/D tan (Q + g ~  

w,= N, D tan (Q-S-) 

l b f i n  

lb  

lb 

L e  
C2: LCULA TIONS 

_It_c 

HN= ;-I + XM = Ib 
e= '(friction angle  

Q = .  S(E-Dta)= in. 

n=.S(u+rtan#)= in. 

A ~ = u y =  in? 

in. 

- 

BOLT CALCULATIONS 

Eolt Size 

Torque 

STRESS CALCULATION 

Lug Stress, SL= 

314 





F 

0.6 

05 

0.4 

03 

V V 

0.2 

0. I 

0 
I 1.5 2 25 3 3.5 4 45 5 q 3 .  







APPENDIX I1 

Recommended Welding Procedures  for 
Flange to Tubing. 

j Preceding page hfank i 
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Copper  S'nield 

FIGURE 1 
weld being applied. 

FIGUIZ 2 

"Chill Ring" r e fe renced  h e r e i n  is a device  f o r  chi l l ing the f lange using l iquid 
nitrogen. Liquid n i t rogen  is c i r cu la t ed  through a I /'$-inch copper  tube 
(comple te ly  enc i rc l ing  the f lange  s k i r t }  and  pe rmi t t ed  t o  d i s s ipa t e  aga ins t  the  
f lange through small (. 062) ho le s  dr i l led  through one w a l l  of the tubing. 

T h e s e  holes  a r e  angled t o  d i r e c t  t he  LNL away f r o m  the welding operation. 

T h e  use of a coppe r  shield is recomme:ided t o  prevent  escaping  L N 2  f r o m  
in t e r f e r ing  with welding operat ion.  

"Chill Ring" should be i n  fixed posi t ion but  p e r m i t  f lange t o  ro ta te  ins ide  a t  
welding speed  des i r ed .  , I 

i 

b 

(See F igu re  1 .  ) 

It  is not deemed  n e c e s s a r y  t o  allow a per iod  of "cool down" before  welding. 

a 

5 i 

.FICUR.E 3 FIGURE 4 
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INSTALLATION OF FLANGES T O  TUBE,OR SHELL 

1. Cut tubin2 off a t  a 90" angle w i t h  its axis and remove  all b u r r s  
and sharp corners from tubing. 

2,  Keep flange sed i i l g  edges and su r faces  protected at 3-11 t inex.  
Do not remove  protective cove r s  except  when necessary.  

3. Always s i z e  the tubing to  the flange. 
u tmost  impor tance  in  controll ing f l a tnes s  and squarcness of 
the flange face. 
should not excecd e 005 inch. 

This  operat ion is of tile 

The tubing-to-flange dfsm e t2A cl . iarance . 

- _  

4. Acceptable methods of joining a r e :  s i l ve r  brazing,  seamwelding, 
and gas  o r  a r c  welding. 

Chill r ings  s e r v e  t o  d iss ipa te  hea t  and reduce dis tor t ion of the 
flange seal ing a reas .  

T h e  use  of a chil l  r ing i s  recommended on all aluminum flange 
welding. 

5. 

6. 

7. P r i o r  to  welding, the f langes should be spotwelded o r  tackwelded 
t o  the tubing four  t o  ten p laces  (dependldng on d iameter ) ,  .alternatc!y 
around the tube (second w e l d  180" f r o m  f i r s t  weld; fourth weld 1806 
f r o m  third ,weld,  etc. 1. 

8. When a method other  than seamwelding is used, a 1/16-inc'n gap 
should be l e f t  between (a )  end of tubing and flangc sk i r t ,  Figure 3; 
or (b) end of tubing and socket  t e rminus  in  flange sk i r t ,  F igure  4, 
to allow for t h e r m a l  expansion and contraction. 

9. When socket  welding is  used, F igure  4, the c l a s s  of f i l l e r  mater ia :  
should be compatible with the  base  m e t a l s  i n  o rde r  to  mzintain the 
mechanica l  proper t ies  and co r ros ion  r e s i s t ance  of the base  metals .  

A second o r  in te rna l  back-up chil l ing operat ion should b2 used on  
all a luminum socket-weld applications. 

10. 
(See F igure  2. ) 

11, Joint m a y  be assembled  minus gaske ts  to  a c t  as holding f ix ture  
f o r  in-l ine assembly.  This  procedure  is recommended for 3utt  
joint only and is not to  be used for  those applicatiocs where  
in te rna l  chi l l  r ing  is  recommended. 

(continued) 
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INSTALLATION 0- 2'LANGES T O  TUBE OR SHELL 

12. The use  of E! chi41 ring on rr,etals otker than aluninixn alloys 
m a y  be discontinued in applications of extreme diameters  
(over 20 inches) where flange m a s s  is adequate to dissipate 
heat (where "A" dimension of e i ther .Figure 3 or  Figure 4 
exceeds 5 inches). 

These recommendations a r e  intended as a guide. 
be only as good a s  the skil l  of the welder performing the operation. 

The finished result  can 

This  Welding Procedure,  as applied t o  CQNOSEAL Flanges, is intended 
as a supplement to Aeroquip/Marman Catalog 819 and is to  be used in 
conjunction with Marman Drawing 52774, a s  well as Catalog 819. 

esign Engineer v 
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Performance Ratings 
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SUMMARY 

Pressu re  
psig 

1. Qualification Testing. - 

Temp 
'F 

Speci: 
P a r t  m e n  
N O .  No. 

!,taka ge 51857-2 21; 
Check 54857-8 8A 

51857-16 16.4 

Proof 54857-2 2 B  

54857- 16 16B 

 neta all at ion 54857-8 8B 
Angular 
Misalignmcnt 

~ / e a s u r e  54357-8 8B 

Maximum 54837-2 2B 
Bending 
Moment 54857-16 16B 

4,000 
4 .000  
4 .000  

8 ,000  
8,000 
8,000 

4,000 

4 ,000  

4, 000 

2 ,000 
2 ,000  
2 , 0 0 0  

4,000 

6 ,000  
6, 000 

6,000 

16, 000 

Thermal 54857-2 
Cycling 54357-8 

54857-16 16B 

Elevated 5 . ~ 7 - 8  8C 
Temperature 

Vibration aad 54857-2 2A 
Pressu re  54853- 16 16A 
Impulse 

P r e s  su r  e 54857-8 8C 
Impulse 

Burst  54857-2 2A 
Pressu re  54857-8 8A 

54857-16 16A 

2. Supplementary Testing. - 

Room 
Room 
Room 

Room 
Room 
Room 

Room 

Room 

Roam 

1 , 0 0 0  
1,000 
1,000 

1 ,500  

Room 
Room 

Room 

Room 

Low 
Temperature 

Assembly 
Cycles 

Elevated 
Temperature 

Burst 
P res su re  
(Aluminum 
Joint). 

+Tube- tu  -flange u el? failure 
a t  280 .  000 bending cycles. 

+*Tubeltn-flange weld failure 
at 9b2, 053 q c i e s .  

100, 000 pressure  cycles 
were conducted. There was 
no vzsible leakage. 

--~-c_ - -- . -- 

No vieiblc lea'hgp o r  
deformation with prcssure  
held for 5 minutes. 

Burst 

4. 000 -320 
4,000 -320 

0 Room. 

300 1. 000 

4 ,000  Room 
4 ,000  ' R oom 
4 ,000  Room 

54857-12 
3. 6 x lO-9cc lsec  Test ce l l  was srabrlieed at  

< l .  5 x lO-IOcc/sec -320°F and checked for 
leakage urth a mass  spec- 
t rometer  helium leak de:ector. 

Joint assembled and torqued to 
600 lb  in. 13 'times. 
galling OR flange-to-nut 
bearing surface. 

Tes t  cel! t c i ipera ture  held 
at 1, O O O ' F  for four hocrs.  
!% visible leakage. 

Sf iykl  

0 

0 N o  visible leakage. P mass 
0 spectrometer leakage check 
0 . performed a t  1.8Cn psi pro- 

duced leakage r a t e s  

54857-8 
f 

54857-8 

55800-2 
55800-8 
55800-16 

I c 4 . 9  x I W ? ~  t c?Sec .  

54857-6 ! 1 

, ' I  

i 

Lealkage 

44.6 x lO-l 'cc/sec 
<4.6 x 10- l l cc / sec  
5.3 x l ~ - ' o c c / s e c  

0 
0 
0 

0 

.O 

0 

0 
0 
0 

* r, 
U8 

0 

0 
0 
0 

Rimarks 

Leakage checked with masa 
apectrome:er helium leak 
detector. - 
No visible leakage. P resau re  
held 5 minutes ar.d repeated . 
15 times. 

Joint asaembled with flangcs 
misaligned 0.20'  to 3'20'  in 
20'  increments. Test  stopped 
at 3.20'. Tube fzilure. No 
v i  si bl e lea ka ge. 

Tube failed at maximum 
bending load. 
Tube failed a t  4, 515 lb  in. 

After 100 thermal cycles, 
leakage was checked by decay 
method. No leakage was 
indicated. 

After test, leakage was checke 
a t  morn tempcra:ure wi th  a 
mass  spectrometer helium 

CoEducted life cycle test  per 
M1L.F-18260, para.  4. 3. 3. 3. 



2825. 2520 720 200 14.400 I 36.26 
Std or 40 1120 910 880 785 225 60 4,480 20.73 - 
X or 80 1700 1375 1335 1 I90 340 95 6,800 31.55 .2 1 - . . - ._ --I 
160 2800 2270 2200 1960 560 155 11,200 53.32 

. *  - -I_ 

'* . -. *.....,~ . -  . .  ',mi+- maleraal. other than type 347 stamless steel. may be found by 
: ' - - ' # * -  Ct>'J-*n b# laclo- indicated for materm1 and temperature as shown sn . . . _  

1 - 1  - 1 - 1  - 

3.1 

4.4 

5.2 

13.2 

i 14.1 ; 
! 

! 
20 

24 

33 

38 

57 

I1 the ambient lemperature IS the same as  Internal temperature. It I S  recommendsd lhat 
-HTcoupltnp be used in 900.1OOO"F. range with a subsequent decrease in pressure (MuIIIPII 
allowable pressure at IOOO'F. by 85 ) 

The CONOSEAL Pape Jomt at11 wulthstand worbng presrure. bendmg and lem;erat,,:es 
swrmltaneouslyl. Withm the Iim81S of the accumuiatlve loads and temperature speoftcatcons. 
Safetv factor = 41. 

"To determine wclshts 
above weights hf .35. 

Of l langes and itasket made wrth 

Use the fol:ow~ng formula to determine bendma mament: 
= ~ P . ~ P , )  a 03 

16- 
Where U = Ai!owable bending moment. Ib. m. 

PI = Allowable pcessure. psis. from table above. 
P, = Operatinp ~-essure .  PS~O.  
R = Pipe 0.0. mc'les. 

aluminum m a t e r d .  
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Use Medium Weight Joint performance ratings for Bolted 
Joints shown in  this catalog section. 

CODE: PRESSURL(P) BENDING( 8) 

The graph indicates the bending moment and hydrostatic 
PROOF P R E S S U R E  load capabilities of the Lightweight a n d  
Medium Weight CONOSEAL Tube Joints. 
Operating pressure can be obtained by dividing th2 desired 
safety factor into the proof pressure rating. 8urst  p:essure is 
11h times the proof pressure rating. 
Proof pressure and maximum bending moment are based on 
the ailowable stress value of 19-9DL a t  room tempera?ure. If 
the joint is to be used a t  elevated temperatures, or i f  alumi- 
num or stainless steel flanges are required. multiply the graph 
ratings by the values listed in the following table: 

TEMPERATURE 

I 
Material ::::. 4M) F.‘ 500 F. ’ 750 F. 1000‘F. 1250’F. 1500°F. . I .__ 

347Stain. ‘ 60 - ~ 54 ,45 33 - 

19 9DL I 
Stainless I O 0  - .77 68 63 53 i 2 7  
Steel 

less Sled 

* 1 - -  

I - 
1 

Alumtnum,” 45 ’ 22 : - . - - ,  - 
I f  the joint will be subjected to combined loading (pcesscre 
and bending). divide the corrected load rating into the actual 
load conditions for eac!i type of loading and express the 
answer a s  a percent Dsvide tliis total percentage into l00:b 
to determine the safety fa,ctor: 

Q 

EXAMPLE 
A CONOSEAL Join: 15 required for the following conditions: 

Tubing - 3 00 diameter. s:ainless sleel 

Proof Pressure - 600 psi 

Bendmg Moment -3000 Ib. in. 

Temperature - i 5OO’F. 
Proof pressure (applied1 
Proof pressure (allo.cabla) x temperature factor 

6oo - 4 6  I 

1700 x .77 

Bendmg moment (applied) 3000 24 11,. 

Bending moment (allowable) x temperalure factor 16,OCO X .77 

A1lowab’e 7’ 100 z 1 43 safety factor 
Applted X 7 0  

For applications requiring zero leakage when tesied by a mass  
spectrometer leak detector, operating pressures should be no 
greater than 50% 0: proof pressures shown in graph above. 
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